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Lodging resistance is an important agronomic attribute which gets 
much consideration in small grain breeding programs. To promote greater 
success in breeding for lodging resistance in cultivated crops plant 
breeders have sought to understand the plant characteristics which are 
associated with lodging resistance. The problem of lodging assumes added 
economic significance when high fertilizer application, irrigation, and 
high seeding rate are used to raise yields. Extensive lodging in a field 
of small grain lowers yield and reduces grain quality, and if the crop 
is underseeded, the stand of forage seedlings may be reduced. 
Several types of lodging have been described in small grains 
(26, 35, 93), e.g., (a) bending or fracturing of the culm after the plant 
is ripe (crinkling), (b) bending or fracturing of the culm at the basal 
internode of the non-ripe plant, and (c) leaning and bending of the 
entire non-ripe plant with or without uprooting. The latter type is 
usually referred to as root lodging. Lodging by sharp bending of the 
thickened nodal region at the base of the peduncle in nearly-ripe wheat 
and barley was described by Patterson et^ a_I. (84). Fractures and sharp 
bends of the culm above ground level resulting from diseases, insects, 
hot winds, drought, or sub-freezing temperatures have been defined as 
buckling (26). Inherent characteristics of the plant, environmental 
conditions during the development of the plant, and the interaction of 
these variables determine the degree to which the plant resists lodging. 
Field observation of natural lodging, despite its limitations and 
disadvantages, is still the most widely used method to assess the 
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lodging resistance of small grain cultivars. Differential lodging does 
not occur at all locations every year, and environmental variations 
within a location often confound the lodging from experiment to experi­
ment. Thus, early generation selection for lodging resistance via 
naturally-occurring lodging is difficult. 
Considerable small grain research has been directed toward finding 
a reliable, accurate method of evaluating lodging resistance and toward 
determining those plant attributes which are associated with lodging 
resistance. Contradictory results on evaluation techniques and on the 
relation of lodging resistance to morphological and anatomical attributes 
have been reported. The use of different genotypes, environments, and 
evaluation techniques probably explain most of the controversy in the 
literature. Additional knowledge about attributes which are associated 
with lodging resistance and their interrelationships would be valuable 
for devising a dependable selection procedure for lodging resistance and 
in formulating the best breeding scheme for improving this attribute. 
Of course, the practicality of a selection procedure may be controversial, 
especially, if costly detailed plant study is prescribed. 
The general objective of this study was to investigate root lodging 
in oats. More specifically, the objectives were; 
1. To study the short-internode portion at the base of the oat 
culm in relation to root lodging. 
2. To determine the association of various morphological and 
anatomical characteristics of the short-internode portion with 
the degree of lodging resistance of some oat cultivars. 
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3. To determine the association among these morphological and 
anatomical attributes. 
4. To evaluate the effect of several environments (years, nitrogen 
levels, and depths of planting) on these morphological and 
anatomical attributes. 
5. To study the general development of the short-internode 
portion of the oat culm. 
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LITERATURE REVIEW 
The literature upon lodging will be reviewed in four parts: 
(a) the effects of lodging, methods used to measure lodging resistance, 
and inheritance of lodging reaction, (b) morphological, anatomical, and 
chemical studies related to lodging reaction, (c) the environmental 
aspects of lodging, and (d) the development of the oat culm, especially 
the short-internode portion. Special emphasis will be placed on the 
literature pertaining to lodging of oats; however, pertinent papers on 
lodging in other cereal crops will be summarized. 
Effects, Methods of Measuring, and 
Inheritance of Lodging Reaction 
Sisler and Olson (103) and Day (22) found up to 50 percent reduction 
in yield and a decreased test weight when barley plots were artificially 
lodged. Artificial lodging reduced yield and increased protein content 
of the grain according to Laude and Pauli (64) with early lodging reducing 
the number of kernels per spike and later lodging reducing the kernel 
size. Pendleton (85) and Norden and Frey (79) artificially lodged spring 
oats at 45° and 90° from the vertical 10 and 20 days after anthesis and 
reported that the greatest reduction in yield (37 and 36 percent, 
respectively) and test weight occurred when lodging was early and at 90°. 
In the latter study, severe lodging at an early date reduced the stand 
of an alfalfa companion crop to 19 percent of the check. Mulder (75) 
estimated that nonlodged crops in the Netherlands yielded up to 50 
percent more than lodged ones depending on the degree and the time of 
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lodging. 
Many methods for evaluating lodging resistance in small grains have 
been proposed to replace a breeder's dependence upon natural lodging for 
selection among strains. Because of unreliability, low repeatability, 
and various other disadvantages none of these methods have been widely 
used by small grain breeders. Albrecht (2) concluded that breaking 
strength of straw gave an index of lodging resistance. Instruments to 
measure breaking strength of straw are described by Helmick (43) , Willis 
(123), and Salmon (98), and further technique modifications are given by 
Nelson (78) and Hancock and Smith (37). Use of different internodes and 
plant maturities has contributed to the conflicting conclusions about 
the value of breaking strength. A positive association between breaking 
strength and lodging resistance in small grains was found by Salmon (98), 
Davis and Stanton (20), Nelson (78), Roman (95), and Hancock and Smith 
(37). Clark and Wilson (16) and Smith (104) concluded that breaking 
strength of straw was not a reliable measure of lodging resistance. 
Multamaki (76), working with spring wheat, oats, barley, and rye, obtained 
a fairly high positive association between breaking strength and lodging 
resistance only in wheat. Heyland (45) contended that lodging resistance 
in cereals is greatest when the fresh weight of the culm reaches a 
maximum point which may not coincide with maximum breaking strength. 
Resistance to crushing force and weight per unit length of a culm section 
were used to measure lodging resistance by Tubbs (114) and Atkins (4), 
respectively. Root pulling resistance, recovery after artificial 
lodging, and simulated wind and rainfall on field plots have been employed 
to measure lodging resistance (42, 65). 
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Resistance of the culms to bending has been utilized as a measure 
of lodging reaction. Clark and Wilson (16) and Ramiah and Dharmalingam 
(90) suggested that resistance of individual culms to bending was 
important in lodging resistance. Devices fcr measuring the resistance 
of culms to bending are described by Studtmanu (109) and Wettstein (120). 
Grafius and Brown (32) reported a method of measuring the lodging resist­
ance of individual oat culms called the lodging resistance factor (cL^). 
The cL^ factor is a ratio between the weight that an oat culm will 
support and the height of the culm to the panicle base. Cultivars of 
oats catalogued as lodging resistant by the cL^ method resisted stem 
break when dead ripe (33). Murphy ejt aJL. (77) found that snap test scores 
and cL^ values were both highly correlated with natural lodging percents. 
If progeny rows were available for evaluation, the snap score was more 
reliable for artificially testing oat strains than was the cL^ method. 
Miller and Anderson (73) concluded that load-bearing capacity (LBC), 
i.e., the product of the weight supported by a culm and the horizontal 
displacement of the spike from the vertical position and used as LBC/Ht. 
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or LBC/(log Ht./3) , gave the best prediction of cultiver lodging reaction. 
Stiffness or rigidity of straw is not an adequate measure of resistance 
to lodging in small grains because a strong root system is also needed 
for lodging resistance according to Howard and Howard (49) and Zade 
(124) as cited in Brady (12). Harlan and Martini (41) pointed out that 
slender tough culms frequently do not lodge any more than large, erect, 
stiff ones. 
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Heyland (47) presented an extensive review on methods which have 
been used to determine lodging resistance and listed 134 references. 
Kilduff (60) and Torrie (112) concluded that straw strength of 
spring wheat crosses was quantitatively inherited. Transgressive segre­
gation for weaker straw was noted in the first study. Smith (104) found 
low correlations between o^t plants and their progenies for 
breaking strength and culm diameter, whereas Atkins (3) reported rather 
high correlations between two generations for the same two characters 
and weight per unit length of straw in wheat. Evidence for a single 
gene or a group of closely linked genes for straw weakness was presented 
by Boyce (10). Kaufmann (57) maintained the lodging resistance of the 
nonrecurrent parent after three backcrosses to Kindred barley. Low 
mean standard unit heritabilities for cL^ scores were reported by Frey 
and Norden (28) in a study on F^ plants and F^ and F^ progenies from 
twelve oat crosses. 
Morphological, Anatomical, and Chemical Studies 
A complete review of the literature on morphological and anatomical 
studies of lodging resistance in small grains is voluminous, so the 
papers on barley, wheat, rye, and rice will be briefly summarized. For 
those interested in one of these crops, the references cited here and 
the bibliography by Heyland (47) should be helpful. 
Short basal internodes (120), many well developed coronal roots 
(57, 76), number of internodes (76), increased cell size of certain 
tissues in erectoides mutants (120, 121, 122), distance between the 
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epidermis and the vascular bundles in the parenchymatous layer (107), 
and distance between the vascular bundles in the sclerenchymatous layer 
(107) have been associated with degree of lodging resistance in barley. 
Contradictory relationships have been reported between lodging resistance 
and the following cross-sectional attributes of the culm: diameter 
(29, 76, 107, 120), thickness of culm wall (29, 107, 120), development 
and thickness of sclerenchyma (1, 9, 29, 76, 107, 114, 120, 125), and 
number and size of vascular bundles (1, 9, 29, 74, 76, 107, 120). Little 
or no correlation has been obtained between lodging resistance and the 
attributes: seedling root length (57), basal shoot diameter (57), 
thickness of sclerenchyma cell wall (29), and length of lignified cells 
(29) .  
Investigators working with wheat have found a positive association 
between lodging resistance and short basal internodes (24, 95), number 
of coronal roots (24, 39, 76, 96), well developed root system (24, 53, 
96), root breaking point (108), thickness of nodes (24), culm wall 
thickness (2, 95, 115), thickness of sclerenchyma layer (6, 44, 95, 
118), and thick-walled sclerenchyma cells (44, 86, 119). Negative 
I 
associations between lodging resistance and length of culm (24, 39, 
48, 76), size and number of parenchyma areas in the sclerenchyma ring 
(72, 115), and size of parenchyma cells in the cortex (6) have been 
reported on wheat. Length and width of spike and number of stem inter­
nodes were not associated with lodging resistance in wheat according to 
Dorofeev (24). Conflicting reports on the relationships between lodging 
resistance and the following attributes are given in the literature: 
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weight of head (31, 101), root orientation (51, 108), culm diameter 
(2, 6, 39, 48, 76, 95, 115), number of vascular bundles (48, 74, 76, 95), 
number of cells across the sclerenchyma layer (6, 67), and ratio of lig-
nified tissue to culm wall thickness (76, 115). 
In rye, Ozaist (81) found a relation between lodging resistance and 
thickness of culm wall, cell size of all tissues in the stem, width of 
sclerenchyma layer, and amount of parenchyma in the sclerenchymatous ring. 
External morphological characters associated with lodging resistance 
in rice were short culm, weight of culm base, and weight of panicle (70), 
and roots with a wider horizontal and deeper vertical penetration, erect 
growth, compact tillers, and tight persistent leaf sheaths (91). Ramiah 
and Dharmalingam (90) and Ramirez and Umali (91) found an association ' 
between natural lodging and culm wall thickness and sclerenchyma layer 
of cells with thick walls. Number and size of vascular bundles were not 
associated with lodging resistance in rice (90); however, Matsuo (70) 
found that the vascular bundles are located closer to the outside of 
the culm in non-lodging types of rice. 
Much research has been conducted on the relations between morphologi­
cal and anatomical attributes to lodging resistance in oats; however, no 
single attribute has been consistently associated with lodging reaction. 
A thick culm (7, 12, 13, 29, 34, 35, 42, 50, 55, 61, 75, 76, 80, 
102, 118, 119), short strong lower internodes (12, 29, 35), and a spread­
ing, well-developed root system (13, 23, 35, 42, 50, 63, 92, 102, 113) 
are the attributes which have been most consistently related to lodging 
resistance in oats. Investigators have disagreed on the association of 
plant height (7, 12, 34, 35, 61, 76, 92), number of coronal roots (13, 
42, 63, 76, 102), culm wall thickness (12, 13, 34, 55, 75, 80), number 
of vascular bundles (12, 29, 34, 35, 50, 55, 76), thickness of 
sclerenchyma layer (12, 29, 34, 35, 50, 55, 76, 118, 119), and cell wall 
thickness of sclerenchyma (12, 13, 29, 75, 119) to lodging reaction of 
oat cultivars. Brady (12) stated that although certain attributes were 
associated with lodging resistance, none can be used as an absolute index 
for lodging resistance because of environmental effects. So many factors 
and environmental conditions appeared to determine lodging resistance in 
oats that the measurement of culm characters did not give a satisfactory 
evaluation for lodging reaction according to Jellum (55). Hamilton (35) 
and Norden and Prey (80) recognized that lodging resistance was a complex 
attribute affected by many unknown factors, one of which may be structural 
differences at or below the ground surface. 
Other less studied oat plant characteristics which have been related 
with lodging resistance are: length of root crown (63, 102), root 
diameter (63, 102), number of branch roots (23), top-root ratio (23, 
102), pith cavity size (34, 50), culm cross section area of tissue (80), 
and number of cells in the sclerenchyma layer (34). Disagreement was 
noted as to the importance of tillering (13, 35, 119), erectness of 
leaves (13, 35), number of internodes (34, 76, 124), and size of vascular 
bundles (34, 35) in lodging resistance. Little or no correlation existed 
between lodging resistance in oats and length of internodes (61, 76), 
yield per panicle (80), root structure (13, 35), width of culm wall 
cortex (35), fiber length (29), ratio of sclerenchyma to culm wall width 
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(34), and weight per unit length of culm (102, 119). 
In work with Milford-type oats, length of the flag leaf sheath and 
a mid-dense panicle were associated with cL^ scores according to 
Bhamonchant and Patterson (7) and Patterson et al^. (83), respectively. 
Hamilton (34) also related the length of the flag leaf sheath to lodging 
resistance in oats. Sechler (102), studying the inheritance of some root 
crown characteristics in F^, Fg, and F^ progenies of all crosses among 
four oat cultivars, suggested that selecting for length of root crown 
and culm diameter would be successful in early generations, but he 
reported low heritability percentages for top-root ratio, diameter of 
coronal roots, number of coronal roots, and chemical composition of culm 
and root tissues. 
Davy (21) associated lodging of cereals with low silica content of 
the straw, but Mayer (71) reported that silica was not important in straw 
strength because plants grew normally to maturity in nutrient solutions 
free from silicic acid. Later, silica content was again implicated in 
lodging resistance of wheat (18, 19, 87), but Hamilton (34) found no 
relation between silica content and lodging. 
Lignin (46, 47, 56, 86, 118, 119, 125) and cellulose (44, 47, 56, 
108, 118, 125) have been postulated as the strengthening materials which 
contribute to the lodging resistance of small grains; however, other 
investigators have reported that high lignin content is not important . 
for lodging resistance (102) or that a high percent of lignin was 
associated with lodging susceptibility (19, 34, 87). Dadswell and 
Hawley (17) reported that brash specimens of Douglas fir contained a 
higher lignin and lower cellulose content than tough wood specimens. A 
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low carbohydrate-nitrogen ratio (118, 119) has been associated with 
lodging resistance, but conflicting results have been reported for ash 
content (19, 87, 102). 
Environmental Effects on Lodging Resistance 
The adverse effect of nitrogen fertilization on lodging resistance 
is generally recognized (14, 40, 67, 73, 75, 88, 99, 106). Lodged wheat 
and oat culms previously supplied with excess nitrogen had less sturdy 
root systems, less heavily lignified roots, reduced weights per length 
of basal culm, narrower sclerenchyma zones and cell walls, and less lig­
nification of the vascular bundles according to Mulder (75) . He attributed 
these unfavorable effects directly to nutrition and indirectly to shading 
from the increased vegetative plant growth. Gericke (30) found that 
wheat seedlings grown in nitrogen deficient soil developed a relatively 
larger root system, and Davidson and LeClerc (18) reported that nitrogen 
where applied at an early stage of growth reduced the ash and silica 
content in wheat straw. Phillips et a_l. (87) found an increase in lignin, 
methoxyl, and cellulose content but a decrease in silica and ash content 
in lodged wheat straw from plots fertilized early with sodium nitrate. 
Spahr (108) reported that nitrogen softened wheat roots and lowered their 
breaking point, but phosphorus or potassium application raised the root 
breaking point. 
Conflicting results on the effects of phosphorus and potassium 
fertilization on lodging resistance and other plant characters have been 
reported. Phosphorus or potassium improved lodging resistance of oats 
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according to Casserly (14), and nitrogen plus phosphorus did not increase 
lodging susceptibility. When a proper combination of nitrogen, phos­
phorus, and potassium was applied, oat plants were most lodging resistant. 
Miller and Anderson (73) increased lodging in wheat with high applications 
of phosphorus, and Malkani and Shrivastava (67) failed to reduce nitrogen-
induced lodging in wheat with potassium. Weaver (116) suggested that 
phosphorus caused deeper roots and that nitrogen inhibited root penetra­
tion and increased root branching; however, Chandler (15) observed no 
significant differences in depth of oat root penetration from different 
surface fertilizations. 
In a study with Dactylis glomerata, Purvis (89) reported that the 
strengthening effect of potassium was unrelated to its effect on the 
gross anatomy of the plant. Tubbs (114) concluded that potassium was 
essential to the production of an efficient mechanical tissue in barley 
straw, whereas nitrogen and phosphorus deficiency caused an increase in 
strength of lower internodes only. Mann (68) found that nitrogen, 
phosphorus, or potassium individually had little effect when compared 
with their combined effect on shoot and root weight. 
In addition to plant food supply Hanley (38) listed seeding rate, 
time of sowing, disease, soil type, cultivations, and drainage as factors 
which indirectly influence the lodging resistance of cereals. Welton 
(118) observed that the hypodermal zone was wider but the thickness of 
the culm wall was unchanged in thinly seeded oats. As the seeding rate 
of oats per unit area was increased, stem diameter, vascular bundle 
number, culm wall width, pith cavity diameter, and sclerenchyma layer 
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width always decreased; but the cultivars reacted differentially accord­
ing to Jellum (55). Hamilton (35) reported that high seeding rate 
resulted in poor root development and more slender culms and that deep 
seeding produced an undesirable root system but did not affect root 
crown depth. Spahr (108) stated that density of stand and depth of 
sowing were not related to lodging resistance. 
Root crown development of oats in a range of greenhouse environments 
was investigated by Sechler (102). Longer root crowns, reduced root 
development, and lower seedling vigor resulted from deep seeding. High 
seeding rate produced short root crowns, thin culms, few small coronal 
roots, and high top-root ratios. Plants grown at low temperatures or in 
fertilized soil had longer root crowns and more coronal roots; moreover, 
low temperatures reduced the top-root ratio, but fertilizer treatment 
increased it. Low moisture caused short root crowns, small and few 
coronal roots, and a low top-root ratio. Caffrey and Carroll (13) con­
cluded that shading and high temperature favored the development of 
shallow root crowns. 
The literature on the depth at which root crown development occurs 
is controversial. Avery (5) reported that in germinating oats the first 
internode elongates and thereby the subsequent internodes, enclosed by 
the coleoptile, are raised to or near the soil surface. Coronal roots 
of cereals developed about 1 inch below the soil surface regardless of 
seeding depth according to Martin and Leonard (69). Webb and Stephens 
(117) found that variety, temperature, and depth of seeding influenced 
the depth of root crown formation in wheat. Low temperature or deep 
seeding caused the plants to have deeper crowns. They also noted varietal 
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differences with respect to the time of crown root development. Taylor 
and McCall (110) observed that the length of the first internode was 
increased by higher soil temperatures or deeper planting. Rodgers (94) 
concluded that secondary roots in oats arise about 2 centimeters below 
the soil surface regardless of seeding depth or genotype. In one experi­
ment secondary roots developed 1 to 2 centimeters below the surface, but 
in a second in which a longer photoperiod and higher temperatures existed, 
they were as deep as 4.6 centimeters at the greatest seeding depth. 
Sallans (97) found that varieties of wheat and of barley differed in 
depth of crown formation, and this character appeared heritable in wheat. 
Oat plants grown at a higher temperature had narrow leaves, thin 
culms, and less root development in a study by Hamilton (36). Welton 
(118) concluded that shading of the plant base caused lodging because 
the shaded oat culms had less lignified tissue. Thomson (111) found that 
increased photoperiod reduced the length of oat internodes because the 
period of elongation was shortened. Paleev (82) noted that the enzyme 
activity responsible for lignification was influenced by climate, 
surplus soil moisture, root nutrients, and other internal and external 
factors. 
Oat culms grown from large seed were thicker and had a wider 
sclerenchyma layer and more lignification in a report by Welton (118). 
From competition studies with barley Kaufmann and McFadden (58) found 
that seed size was a source of non-genetic variation affecting anatomical 
characteristics of the culms. 
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Development of Oat Plant 
Literature on the anatomy and morphology of the oat plant are few. 
Avery (5) and Boyd and Avery (11) have presented good descriptions of 
the oat seedling, and Ikenberry (50) studied the vegetative development. 
An excellent, complete description of the structure and development of 
the oat plant has been prepared by Bonnett (8). 
Ikenberry (50) and Bonnett (8) in describing the internodes of the 
oat culm which occur below the ground surface pointed out the transitional 
features, parenchymatous cortex, and small pith cavity of these internodes 
excluding the first one. Following Bonnett's terminology these relatively 
unelongated internodes above the coleoptile node are called the short 
internodes or short internodal portion of the plant. 
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MA.TERIALS AND METHODS 
The oat strains used are described in Table 1. In 1962 and 1963 
the short internodal portions of oat plants were collected from experi­
ments conducted on the agronomy farm at Ames, Iowa. Similar collections 
were obtained from oat plots grown on the Carrington-Clyde experimental 
farm in 1963. Weather conditions during both growing seasons were very 
favorable for oat growth and development. Plots at Ames were sprayed 
regularly with a fungicide (Zineb) to control foliar diseases. 
Field Plots 
1962 
The oat strains, C.I. 7555, C.I. 7462, Cherokee, Marion, Mo. 0-205, 
and C.I. 7010 were used for two experiments, and C.I. 7555, Marion, and 
Mo. 0-205 were used in the third one. Hereinafter, these three will be 
referred to as the lodging, depth-of-planting, and developmental experi­
ments, respectively. The experimental area received an uniform fertilizer 
application of 15 pounds of nitrogen, 60 pounds of phosphorus, and 30 
pounds of potassium per acre before planting. After planting, top-dress 
treatments of 0 and 160 pounds of nitrogen (ammonium nitrate) were 
applied to the lodging experiment. 
The experimental design for the lodging experiment was a split-split 
plot with three replicates. Whole, sub, and sub-subplots were nitrogen 
treatments, oat strains, and lodging treatments, respectively. A subplot 
consisting of three rows, each 8 feet long and with a 1-foot spacing 
between rows, contained two sub-subplots which were 2-foot sections in 





Height^ Maturity^ Parentage 
7555 S M M (Clintland^ x RL 2105) 
7462 S M M Clint land 60^ x Mo. 0-205 
Cherokee 5444 M S E D69 X Bond 
Marion 3247 W M M Markton x Rainbow 
Mo. 0-205 4988 W M M Columbia x (Victoria-Richland) 
Saia 7010 W T L Selection of Avena strigosa 
Goldfield (M352) W M M Ajax X (Clinton-SF x Mo. 0-200) 
Clintland 60 7234 S M M Clintland^ x [(Clinton 59^ x 
Land.)^ x (Clinton-Boone-
Cartier x RL 2105)] 
= tall. M = medium. S = short. 
late. M = midseason. E = early. 
II 
•weak. M : medium. S - strong. 
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the middle row. Each 2-foot section was planted by hoeing a furrow into 
which was placed a strip of galvanized hardware cloth (1/8 inch mesh) 
which measured 1 3/4 inch wide x 2 feet long. Sixty primary oat seeds 
(equivalent to 3 bushels of oats per acre) of the appropriate strain 
were evenly spaced along the strip of hardware cloth and covered with 
soil to a uniform depth of 4 centimeters. Primary seeds were also planted 
in the space between the two 2-foot sections and at the ends of the row. 
The border rows of a subplot were sown with a funnel planter also at the 
rate of 3 bushels per acre. Three filler rows were planted between 
whole plots and at each end of the range of plots. 
Before heading, one 2-foot section in each subplot was supported 
with wooden stakes and heavy string, and the other section was left 
unsupported. On June 29 the non-supported sections, which had not 
lodged naturally, and the adjacent border rows were artificially lodged. 
Before applying external force the experimental area was sprayed with 
water until the oat foliage was dripping, and the top 1/2 inch layer of 
soil was "soupy". The external force to cause root lodging was a 
simulated storm produced by directing onto the oat plants a fine stream 
of water from a sprayer and wind generated by an ensilage blower. 
Twenty-five days after heading the culms in each 2-foot section of 
an oat strain were severed at ground level. The top portions were dis­
carded, and a block of soil containing the wire strip and the short 
xnternodal portions of the plants was removed. The plant parts were 
washed free from soil and killed and preserved in FAA solution (100). 
Heading date was recorded when 50 percent of the panicles in a plot were 
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completely emerged from the boot. 
The experimental design for the depth-of-planting experiment was a 
split plot with three replicates; oat strains and planting depths (2.0, 
4.0, and 7.5 centimeters) were the main and subplots, respectively. A 
main plot consisted of seven rows each 6 feet long with a 1-foot spacing 
between rows. The three subplots in a whole plot were 2-foot sections 
one in each even-numbered row of the whole plot. Seeding at the 
appropriate depth was done as described for the lodging experiment. 
Sisal kraft paper "fences", each 3 inches high and placed 6 inches from 
the wire strip on all sides, were erected around the 2-foot sections to 
prevent soil erosion off of or onto the 2-foot sections. 
Collection and preservation of the short internodal portions of 
oat plants were done 7 days after heading in the same manner as described 
for the lodging experiment. The oat plants in this experiment were not 
lodged naturally nor artificially. 
The experimental design for the developmental experiment was a split 
plot design with three replicates where oat strains were the whole plots 
and sampling dates were the subplots. Three rows 10 feet long and 1 
foot apart made a whole plot. The subplots in each whole plot were twelve 
sections in the middle row planted in the same way as in the other experi­
ments except that the screen strips were only 6 inches long. Each sub­
plot was planted with 15 primary oat seeds and covered with 4 centimeters 
of soil. A paper "fence" to prevent erosion was placed around the entire 
center row. At weekly intervals beginning 1 week after emergence one 
random subplot from each whole plot was harvested, washed, and preserved 
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using the same procedure as described for the lodging experiment. The 
oat plants in this experiment never lodged. 
1963 
The lodging experiment was repeated in 1953 with some minor changes 
in technique. Sisal kraft paper "fences" were placed around the 2-foot 
sections, and conditions for natural lodging were simulated by directing 
a fine stream of water under pressure onto the crown region of the oat 
plants. Additional data collected were height and fresh weight of 10 
culms from each 2-foot section. 
The short internodal portions of oat plants that had root-lodged 
before heading were collected from the border rows of Cherokee, Goldfield, 
and Clintland 60 in the 1963 variety yield nursery on the Carrington-
Clyde experimental farm. Although this material was grown under less 
controlled conditions, any damage to the short internodes as a result of 
natural root lodging could be assessed. 
Data Collection 
Short internodal portions of oat plants (Figure lA) that had been 
collected and preserved in FAA solution were used for morphological and 
anatomical measurements. For the characters which had to be measured 
with the aid of a microscope, data were obtained from hand-sectioned, 
transverse slices (Figures IB and IC) cut from the middle area of the 
first complete internode below the soil surface (Figure lA), hereinafter 
I 
referred to as the "top-short internode". Before microscopic examination 




Top-short internode (IN) 
Culm wall (CW) 
Pith cavity (PC) 
Cortex (CO) 
Vascular bundles (VB) 
Hypodermal sclerenchyma (ES) 
A. Short internodal portions of naturally root-lodged 
oat plants. Arrows indicate culm breakage. (C.I. 
7555, 25 days after heading, X 1.4) 
B. Transverse section of the top-snort internode showing 
the flattened area which was adjacent to the tiller 
from the lower node. (C.I. 7555, 25 days after 
heading, X 32) 
C. Transverse section of the top-short internode (C.I. 
7555, 25 days after heading, X 82) 
Pith parenchyma (PP) 
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outlined by Sass (100) except, as suggested by Kneebone (62), sulphuric 
instead of hydrochloric acid was used. The sections for photomicrography 
were stained lightly in aniline blue and temporarily mounted in glycerin. 
The characters measured from the transverse sections were: 
(a) Culm wall thickness--The width of the internode tissues from 
the epidermis to the pith cavity (Figure IB). 
(b) Pith cavity diameter—(Figure IB). 
For culm wall thickness and pith cavity diameter five measurements 
in micrometer units at 2OX magnification were taken per section. Each 
micrometer unit equaled 0.52 millimeters. 
(c) Cortex width--The width of the area between the epidermis and 
the hypodermal sclerenchyma measured midway between two 
peripheral vascular bundles in the sclerenchyma (Figure IC). 
(d) Sclerenchyma width--The sclerenchyma layer measured midway 
between two peripheral vascular bundles in the layer (Figure 
IC). Large sclerified parenchyma cells were not included in 
the measurement. 
Ten measurements in micrometer units at 43OX magnification were made 
for width of cortex and width of the hypodermal sclerenchyma. A micro­
meter unit equaled 0.0015 millimeters, 
(e) Cell layers in the sclerenchyma--The number of cell layers was 
counted wherever the sclerenchyma layer was measured. 
A series of other characters were measured without the aid of a 
microscope. These anatomical and morphological characters were measured 
using the short internodal portions of ten plants from each "non-lodged" 
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subplot in the lodging and depth-of-planting experiments grown at Ames 
and from five plants in each subplot of the developmental experiment. In 
the latter experiment, not all characters could be measured at the early 
stages of growth. The characters measured on the short internodal 
portions were: 
(a) Short-internodes length--The vertical distance from the 
coleoptile node to the top node. 
(b) Elongated-internode-fractional length--The vertical distance 
between the top node and the point of culm severance. 
(c) Top-short-internode length--The vertical distance between the 
top two nodes. 
Short-internode length, elongated internode-fractional length, and 
top-short-internode length were measured to the nearest 0.1 millimeter 
with a vernier caliper. The small grain plant portion comprising the 
short internodes is frequently referred to as the "root crown". 
(d) Adventitious roots, top node--The number of roots at the top 
node. 
(e) Total adventitious roots—The number of adventitious roots at 
all nodes of main culm. 
The term, adventitious roots, is used in a broad sense. Adventitious 
roots of small grains are frequently called coronal or secondary roots. 
(f) Nodes--The node number including the coleoptile node and above. 
From the measurements made on the transverse sections and upon the 
root crowns the following indices were calculated: 
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(a) Coleoptile node depth--Length of the short internodes plus the 
fractional length of the elongated internode. 
(b) Internode diameter--Two times the culm wall thickness plus the 
pith cavity diameter. 
(c) Cross-sectional area of tissue--Total area of the internode 
transverse section minus the area of the pith cavity. 
(d) Internode diameter/top-short-internode length. 
(e) Cortex width/sclerenchyma width. 
(f) Lower-short-internodes length--Short-internodes length minus 
top-short-internode length. 
The plant material from the lodged subplots in the lodging experi­
ments and the test at Independence were examined for breakage (Figure lA.), 
and data were collected upon percent of culms broken, the short internode 
broken, length of the broken internode, vertical distance from the break 
to the next node, and vertical distance from the break to the soil 
surface. 
Statistical Analyses 
The data for each experiment were placed on punch cards, and the 
computations necessary for variance and covariance analyses were carried 
out on IBM equipment. Since the morphological and anatomical data were 
obtained from the non-lodged (supported) 2-foot sections, this part 
of the lodging experiment was analyzed as a split plot design. In 
the variance analyses of the two lodging experiments, whole plot, subplot, 
sampling, and measurement errors were calculated for those character 
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where more than one measurement per culm was made. A combined analysis 
of variance for the two lodging experiments was made using subplot means. 
Data from C.I. 7010 were not included in the variance analyses because 
this cultivar possessed very different characteristics of the short 
internodal portion than did the other cultivars. Means of the plant 
characters will be presented for C.I, 7010 from the 1962 experiments only. 
Since the culm breakage measurements from the lodged material from 
Independence and from the lodging experiments at Ames involved unequal 
and disproportionate subclass numbers and culm breakage did not occur in 
some Ames plots, the data from each location were analyzed in a one-way 
classification. To calculate standard errors from these analyses, approxi­
mate sample sizes were computed (105). 
Heritability percentages were calculated using the genotypic 
variances in the following formula (66): H(heritability percentage) = 
2 
% X 100. where a/ = strains M.S. - error M.S. _  ^ u g, 
"p 
2 
+ cr , and n = number of culms measured for each mean. 
Lr 
Genotypic correlations between certain morphological and anatomical 
attributes were estimated using the following formula (59): 
r^  _ °^^ xy in which Cov^  ^equals the genotypic covariance between 
N °x • "y 
2 2 
two characters and and equal their respective genotypic variances, 
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RESULTS 
The results of this study will be presented under the following 
headings: lodging experiments—plant characters, depth-of-planting 
experiment, developmental experiment, and lodging experiments--culm 
breakage. 
Lodging Experiments--Plant Characters 
The precision of the measurements made in the lodging experiments 
(Table 2) was quite satisfactory as judged by the coefficients of 
variation for the eighteen plant characters. The coefficients of varia­
tion were variable between experiments, but, in general, they were some­
what consistent for each character. For example, top-short-internode 
length, pith cavity diameter, internode diameter/top-short-internode 
length, and cortex width/sclerenchyma width had relatively high coef­
ficients of variation, whereas adventitious roots, top node, total 
adventitious roots, internode diameter, sclerenchyma width, and cell 
layers of sclerenchyma had relatively low ones. Most of the coefficients 
of variation were below 12 percent. 
In the analyses of variance from the 1962 and 1963 lodging experi­
ments (Table 3) nitrogen treatments and oat strains were considered 
fixed; therefore, a fixed model (Model I) has been assumed. All analyses 
were computed on a per plant basis so plant means were used for those 
characters where more than one measurement was taken on a plant. The 
measurement errors were computed by regression analyses. 
Since the degrees of freedom for nitrogen treatments and error (a) 
Table 2. Coefficients of variation for plant characters measured in the 1962 and 1963 lodging experi­
ments 
Coefficient of variation. Coefficient of variation. 
Character whole plot subplot 
1962 1963 Combined 1962 1963 Combined 
Plant height 5.1 2 . 8  
Plant weight - 18.4 - - 11.5 -
Short ints. Ig. 4.5 13.6 9.3 6.0 8 . 6  7.2 
El. int. frac. Ig. 11.3 2.9 8.4 16.5 9.8 13.7 
Top short int. Ig. 6 . 8  17.3 13.1 10.7 11.5 11.1 
Lower short ints. Ig. 5.0 7.1 5.8 10.6 6 . 8  10.0 
Col. node depth 1.7 9.3 6.2 2.5 4.9 3.8 
Adv. roots, top node 5.0 1.6 3 . 8  6.9 6.9 6.9 
Total adv. roots 4.6 3.5 4.1 6.1 4.7 5.4 
Culm wall thickness 3.2 8 . 3  6 . 8  6.2 7.3 6.9 
Pith cavity dia. 9.4 19.1 13.6 11.8 16.5 13.7 
Int. dia. 3.7 4 . 0  3 . 9  4.6 5.2 4.9 
Int. dia./top short int. Ig. 0.1 14.6 10.6 10.3 10.4 10.3 
Cross-sec. area of tissue 8.0 9.0 8.6 9.4 10.4 10.0 
Cortex width 5.3 8 . 4  7.5 8.0 9.7 9.2 
Scler. width 1.7 4.4 3.3 4.6 4.9 4.7 
Cell layers in scler. 2.5 3.7 3.1 5.7 4.5 5.2 
Cortex width/scler. width 9.0 15.5 13.9 11.4 12.5 12.3 
Mean (16 measurements) 5.1 8 . 9  7.6 8.2 8.4 8.4 
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Table 3. Mean squares from the analyses of variance for plant characters measured 1 
Source of variation d.f. 
Plant height Plant weight Short ints. Ig. 
1963 1963 1962 1963 
Reps 2 
Nitrogen treatment (N) 1 969.12 136.82 51.42 9.15 
Error (a) 2 223.67 14.93 10.83 64.45 
Oat strains (S) 4 2839.44** 53.54** 374.55**205.O&Wt 
LR® vs LS^  1 77.05 8.40 117.71* 69.31 
Between LR 1 3896.52** 6.60 6.03 8 . 7 5  
Among LS 2 3692.14** 99.60** 687.23**371.lOWk 
N X S 4 221.07* 1 . 9 7  44.86 12.23 
N X LR vs LS 1 117.29 - - -
N X LR. 1 0.02 - - -
N X LS 2 353.40* - - -
Error (b) 16 67.93 5.83 18.86 25.68 




Standard error of a 
1,22 0.32 0.27 0.66 
Standard error 
1.06 0.31 0.56 0.65 
I^R denotes the lodging resistant strains, C.I. 7555 and C.I. 7462. 
L^S denotes the lodging susceptible strains, Cherokee, Marion, and Mo. 0-205. 
H^ereinafter denotes significance at the 5 percent level of probability. 
^^ Hereinafter denotes significance at the 1 percent level of probability. 
)lant characters measured in the 1962 and 1963 lodging experiments 
Character 
weight Short ints. Ig. El. int. frac. Ig, Top short int. Ig. Lower short ints. Ig. 
53 1962 1963 1962 1963 1962 1963 1962 1963 
.82 51.42 9 . 1 5  119.83 3.85 101,97 0.20 8.57 12.04 
.93 10.83 64.45 15.98 0 . 9 4  6 . 8 8  43,38 2 . 8 8  2.22 

























.97 44.86 12.23 27.72 7.76 43.21 0.77 20.49 11,71** 
7,12 
27.08** 
6 . 3 3  
.83 18.86 25.68 34.11 11.14 16.97 19,17 12.98 2.05 
.63 14.83 9 . 2 2  9.76 5 . 6 8  6.19 5 . 8 6  8 . 3 6  2 . 9 4  
Standard error of a nitrogen treatment mean 
.32 0.27 0.66 0.33 0.08 
Standard error of an oat strain mean 
0.21 0.54 0.14 0.12 
.31 0.56 0.65 0.75 0.43 0.53 0.57 0.47 0,19 
and C.I. 7462. 
2, Marion, and Mo. 0-205. 
evel of probability. 
evel of probability. 
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Table 3. (Continued) 
Source of variation d.f. Character 
Col. node depth Int. dia. Int. dia./top short Cross-s( 
int. Is. of t; 
1962 1963 1962 1963 1962 1963 1962 
Reps 2 
Nitrogen treatment (N) 1 14.26 24.88 1.14 0.005 0.04 0.003 110.05 
Error (a) 2 3.28 74J3 0.25 0.32 0.000001 0,03 10.16 
Oat strains (S) 4 1.63* 4.20^ >* 0.08** 0.07* 57.69* 
in vs LS 1 - - 3.6 ?='<•* 14.62** 0.12** 0.02 166.11*4 
Between 1 - - 2.35* 1.87 0.001 0.01 16.73 
Among LS 2 - - 0.26 0.15 O.W* 0.12** 23.97 
N X S 4 14.07 11.09 0.45 1.14 0.03 0.01 11.57 
K X IR vs LS 1 - - - - - - -
N X LR 1 - - - - - - -
N X LS 2 - - - - - - -
Error (b) 16 7.21 21.15 0J8 0.53 0.01 0.02 14.14 
Sampling error 270 3.90 0.11 0.15 0.01 0.01 3.97 
Measurement error 
Total 299 
Standard error of a nitr 
0.15 0.70 0.04 0.05 0.00009 0.01 0.26 
I Standard error of an o 
0.35 0.59 0.08 0.09 0.02 0.02 0.49 
Character d.f. Character 
. . .  




Cortex width Scler., width 
3 1962 1963 1962 1963 1962 1963 1962 1963 
005 0.04 0.003 110.05 6^4 
2 
1 1389.33 4591.12 311.92* 107.52 









































14 0.03 0.01 11.57 44.15 4 
1 
1 
587.38 111.65 80.46 25.99 
53 0.01 0.02 14.14 23.87 
2 
16 266.43 701.39 Wk26 44.67 











standard error of a nitrogen treatment 
)5 0.00009 0.01 0.26 0.35 0.88 1.87 0.20 0.49 
Standard error of an oat strain mean 
)9 0.02 0.02 0.49 0.63 2.11 3.42 0.86 0.86 
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Table 3. (Continued) 
Source of variation d.f. Character d.f. Char a 
Cell layers in scier. Cortex width/ Adv. roots, 
scier, width 
1962 1963 1962 1963 1962 
Reps 2 2 
Nitrogen treatment (N) 1 2.10* 0.55 1 2.77 6.43 1.08 
Error (a) 2 0.08 0.16 2 0.17 1.02 0.43 
Oat strains (S) 4 9.19** 14.18** 4 10.94** 19.59** 6.21** 
LR. vs 15 1 28.93** 53.42** 1 12.64** 18.31** 8.98** 
Between LR 1 2.13* 0.0001 1 0.01 3.61* 2.41 
Among LS 2 2.84** 1.64** 2 15.55** 28.21** 6.74* 
K X S 4 0.56 0.14 4 1.17* 0.47 0.77 
N X LR vs LS 1 - - 1 0.71 - -
N X LR 1 - - 1 0.23 - -
N X LS 2 - - 2 - -
Error (b) 16 0.44 0.24 16 0.28 0.66 0.81 
Sampling error 270 0.21 0.13 270 0.12 0.15 0.71 
Measurement error 2700 0.03 0.02 
Total 2999 299 
Standard err 
0.02 0.03 0.03 0.08 0.05 
Standard er 
0.09 0.06 0.07 0.10 0.12 
Character d. f. Character 
h/ Adv. roots, top node Total adv. roots Culm wall Pith cavity dia, 
h thickness 
3 1962 1963 1962 1963 1962 1963 1962 1963 
3 1.08 4.32** 111.63* 
2 
0.33 1 1.90* 0.94 2.86 4.04 
i2 0.43 0.04 4.87 2.81 2 0.02 0.21 0.17 0.35 
9** 6.21** 5.58** 70.12** 95.06** 4 0.63** 0.73* 2.41* 0,51 
l** 8.98** 2.20 23.12 54.77** • 1 1.19** 2.80** 0.07 -
1* 2. Al 0.01 0.13 13.33 1 0.43* 0.05 8.11** -
1** 6.74* 10.05** 128.61** 156.08** 2 0.44* 0.03 0.74 -




- 1 - - - UW* 
- - -
- 1 - - - 1.83* 
- - - - 2 - -
-
0.32 
i6 0.81 0.71 8.36 5.26 16 0.08 0.16 0.27 0.26 
.5 0.71 0.47 2.83 1.72 270 0.03 0.04 0.11 0.09 
1200 0.01 0.01 0.01 0.01 
1499 
Standard error of nitrogen treatment 
)8 0.05 0.02 0.18 0.14 0.01 0.04 0.03 0.05 
Standard error of an oat strain mean 
LO 0.12 0.11 0.37 0.30 0.04 0.05 0.07 0.07 
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Table 4, Mean squares from the combined analyses of variance for plant attributes measu: 
Source of variation d.f. 
Short El. int. Top short Lower Ci 




Nitrogen treatment (N) 
















Error (a) 4 3.76 0.85 2.51 0.25 
Oat strains (S) 















Y X S 
Y X LR vs LS 
Y X LR 








N X S 
N X LR vs LS 
N X LR 










Y X N X S 4 3.08 0.37 2.40 2.54 
Error (b) 32 2.23 2.26 1.81 0.75 
Total 59 
Standard error 
0.42 0.37 0.39 0.02 
Standard err( 
0.33 0.54 0.48 0.65 
attributes measured in the 1962 and 1963 lodging experiments 
Character 
Lower Col. node Adv. roots, Total Culm wall Pith cavity 
, short depth top node adv. . thickness. dia.. . 
ints. Ig. roots 
246.77** 327.79** 1.01*A 0.94 1.44 2.63** 
2.05 3.84 0.05 6.21 0.28 0.68 
0.01 0.07 0.49* 4.99* 0.01 0.01 
0.25 3.88 0.02 0.38 0.01 0.03 
30.07 3.15 1.11* 16.27** 0.11 0.24 
-
- l.OOff 7.45** - -
-
- 0.11 0.81 - -
-
- 1.66** 28.40** - -
5.15** 2.62 0.07 0.25 0.02 0.06 
11.77*^ ' - - - - -
1.94 - - - - -
3.44** - - - - -
0.68 0.12 0.05 1.46 0.01 0.08 
2.54 2.39 0.11 0.61 0.02 0.07 
0.75 1.42 0.08 0.68 0.01 0.03 
Standard error of a nitrogen treatment mean 
0.02 0.05 0.40 0.41 0.02 0.01 
Standard error of an oat strain mean 
0.65 0.47 0.08 0.15 0.04 0.07 
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Table 4. (Continued) 










Nitrogen treatment (N) 














Error (a) 4 0.03 0.002 1.41 
Oat strains (S) 


















Y X S 
Y X LR vs LS 
Y X LR 




0.07 0.001 3.25 
N X S 
N X LR vs LS 
N X LR 





0.10 0.001 3.12 
Y X N X S 4 0.06 0.002 2.45 
Error (b) 32 0.05 0.002 1.90 
Total 59 
Stai 
0.05 0.007 0.33 
0.07 0.009 0.52 
Character 
tross-sec. Cortex Scler. width Cell layers Cortex width/ 
cea of width in scler. scler. width 
tissue 
75.78** 6938.05** 74.30** 0.73** 5.18** 
8.43 551.58 39.29 0.24 0.88 
3.20 46.46 2.66 0.02 0.04 
1.41 32.01 2.10 0.01 0.06 
20.69* 3253.33** 268.35** 2.19* 2.94** 
74.57** 385.00 1015.98** 8.05** 3.07** 
7.01 390.35 2.65 0.11 0.16 
0.60 6118.97** 27.38 0.31 4.28** 
3.25 121.08 15.38* 0.14** 0.11 
-
- 16.02 0.19* -
- - 8.71 0.11 -
-
- 18.40* 0.14* -
3.12 55.16 9.27* 0.05 0.16** 
- - 0.85 - 0.11* 
-
- 2.22 - 0.03 
-
- 17.01* - 0.24** 
2.45 14.74 1.37 0.02 0.01 
1.90 48.39 4.45 0.03 0.05 
Standard error of a nitrogen treatment mean 
0,33 1.24 0.30 0.03 0.04 
Standard error of an oat strain mean 
0.52 3.18 1.13 0.11 0.09 
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were only 1 and 2, respectively, the precision for measuring nitrogen 
effects was low. A significant difference between nitrogen treatments was 
found for total adventitious roots, culm wall thickness, sclerenchyma 
width, and cell layers in the sclerenchyma in the 1962 experiment and 
only for number of adventitious roots at the top node in the 1963 experi­
ment. Significant variation among oat strains was present in both years 
for all plant characters except pith cavity diameter in 1963 and 
coleoptile node depth in 1962 and 1963. 
Significant differences between the lodging resistant and the 
lodging susceptible strains existed for many characters, but in most 
cases, there was as much variation among the lodging resistant strains or 
the lodging susceptible ones as there was between classes. The lodging 
resistant strains (LR) were C.I. 7555 and C.I. 7462, and the lodging 
susceptible ones (LS) were Cherokee, Marion, and Mo. 0-205. 
If a plant character or combination of characters is to be useful 
in assessing the relative lodging resistance of oat strains, consistent 
results must be obtained from different environments. The lodging 
experiments provide two opportunities to measure the consistency of 
variety reaction to changing environments, i.e., differing levels of 
nitrogen application and different years. A significant nitrogen treat­
ment X oat strain interaction (Table 3) was detected for cortex width/ 
sclerenchyma width in 1962 and for plant height, lower-short-internodes 
length, and pith cavity diameter in 1963. For pith cavity diameter the 
significant interaction was associated with lodging resistant versus 
susceptible strains. The year x oat strain interactions were significant 
for lower-short-internodes length, cell layers in the sclerenchyma, and 
sclerenchyma width (Table 4). For the first two characters the significant 
interactions were associated with lodging resistant susceptible strains. 
None of the second order interactions of years, nitrogen treatments, and 
oat strains was significant. For a majority of the characters measured 
the oat cultivars tended to give consistent expression from environment 
to environment. 
Significant variation between years existed in the expression of 
eleven of the sixteen characters (Table 4). No significant differences 
existed between nitrogen treatments in the combined analyses, but sig­
nificant differences between oat strains were found for eleven plant 
characters. 
As shown by the multiple range tests (25) of the plant character 
means (Table 5) sclerenchyma width and cell layers in the sclerenchyma 
were the only characters for which all lodging resistant strains differed 
significantly and consistently from all lodging susceptible strains. C.I. 
7555 had a greater internode diameter and cross-sectional area of tissue 
than Cherokee, Marion, or Mo. 0-205, but C.I. 7462 did not differ from 
the lodging susceptibles for these two characters. C.I. 7462 and Cherokee 
plants were 12 to 14 centimeters shorter than C.I. 7555, Marion, and 
Mo. 0-205. 
The phenotypic and genetic correlations between the plant characters 
(Tables 6 through 9) were based upon individual plant data, so for the 
combined coefficients n = 600. Correlations between one character that 
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Table 5. Multiple range tests^  of plant character means from the lodging experiments for 
Character Strains 
C.I. 7555 C.I. 7462 Cherokee Mar 
Plant height (cm.) 1963 98.1 a 86.7 b 84.4 b 98. 
Plant weight (gms.) 1963 6.6 be 7.1 ab 5.8 c 8. 
Short ints. Ig. (mm.) 1962 23.9 a 23.5 a 23.6 a 25. 
1963 19.6 a 19.0 a 19.1 a 20. 
Combined 21.7 a 21.2 a 21.5 a 22. 
El. int. frac. Ig. (mm.) 1962 10.0 b 10.8 b 10.5 b 9. 
1963 8.4 c 10.2 b 10.1 b 10. 
Combined 9.2 b 10.5 b 10.3 b 9. 
Top short int. Ig. (mm.) 1962 12.1 ab 11.1 b 13.4 a 13. 
1963 12.3 a 12.4 a 13.1 a 12. 
Combined 12.2 a 11.7 a 13.2 a 12. 
Lower short ints. Ig. (mm.) 1962 11.9 a 12.4 a 10.3 b 11. 
1963 7.3 b 6.7 c 6.3 c 8. 
Combined 9.6 a 9.5 a 8.3 a 10. 
Col. node depth (mm.) 1962 33.9 a 34.3 a 34.1 a 34, 
1963 27.9 a 29.2 a 29.4 9 30, 
Combined 30.9 a 31.7 a 31.8 4 32, 
Adv. roots, top node (no.) 1962 4.5 a 4.2 ab 4.1 b 4 
1963 4.0 a 4.0 a 3.9 a 4 
Combined 4.2 a 4.1 a 4.0 4 
Total adv. roots (no.) 1962 15.5 ab 15.4 ab 15.0 b 16 
1963 16.2 ab 15.5 be 15.1 c 16 
Combined 15.8 ab 15.5 be 15.1 c 16 
Culm wall thickness (mu.)^  1962 1.5 ab 1.6 a 1.4 be 1 
1963 1.9 a 1.8 ab 1.7 be 1 
Combined 1.7 a 1.7 a 1.5 a 1 
A^ny two means under one horizontal classification that are followed by the same le 
probability. 
O^ne micrometer unit equaled 0.52 millimeters. 
;ing experiments for five oat strains, two nitrogen levels and two years 
Strains Nitrogen treatment Years 
Cherokee Marion Mo. 0-205 ON 160 N 1962 1963 
84.4 b 98.9 a 97.0 a 91.2 a 94.8 a 
- 93.0 












































































32.0 a 34.1 a 29.4 b 
4.1 b 
3.9 a 










































1.5 a 1.4 a 1.7 a 
owed by the same letter do not differ significantly at the 5 percent level of 
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Table 5. (Continued) 
Character Straj 
C.I. • 7555 C.I. • 7462 Cherol 
Pith cavity dia. (mu.)^  1962 1.6 a 1.1 d 1.4 
1963 1.1 a 0.9 a 0.9 
Combined 1.4 a 1.0 a 1.2 
Int. dia. (mu.)^  1962 4.5 a 4.3 b 4.1 
1963 4.9 a 4.6 ab 4.2 
Combined 4.7 a 4.4 ab 4.2 
Int. dia./top short 1962 0.38 a 0.39 a 0.3: 
int. Ig. (mu./mm.)b 1963 0.41 ab 0.39 abc 0.3/ 
Combined 0.40 a 0.39 a 0.3: 
Cross-sec. area of 1962 14.0 a 13.2 ab 11.9 
tissue (mu.2)b 1963 17.4 a 16.0 a 13.7 
Combined 15.7 a 14.6 ab 12.8 
Cortex width (mu.)^  1962 59.9 b 59.5 b 53.2 
1963 92.7 a 77.0 c 71.9 
Combined 76.3 b 68.2 be 62.6 
Scler. width (mu.)'^  1962 50.9 a 49.0 a 40.1 
1963 48.7 a 49.3 a 39.4 
Combined 49.8 a 49.2 a 39.8 
Cell layers in scler. (no.) 1962 4.2 a 3.9 b 3.2 
1963 4.0 a 4.0 a 3.1 
Combined 4.1 a 4.0 a 3.2 
Cortex width/scler. 1962 1.2 b 1.2 b 1.4 
width (mu./mu.)c 1963 1.9 b 1.6 c 1.8 
Combined 1.6 b 1.4 b 1.6 
O^ne micrometer unit equaled 0.0015 millimeters. 
Strains Nitrogen treatment Years 
Cherokee Marion Mo, 0-205 0 N 160 N 1962 1963 
1.4 be 1.5 ab 1.3 ed 1.3 a 1.5 a 
0.9 a 1.0 a 0.9 a 0.9 a 1.1 a 
1.2 a 1.3 a 1.1 a 1.1 a 1.3 a 1.4 a 1.0 b 
4.1 b 4.1 b 4.2 b 4.3 a 4.2 a 
4.2 c 4.3 be 4.2 e 4.5 a 4.5 a 
4.2 b 4.2 b 4.2 b 4.4 a 4.3 a 4.3 a 4.5 b 
0.32 b 0.34 b 0.40 a 0.35 a 0.38 a 
0.34 c 0.37 be 0.43 a 0.38 a 0.39 a 
0.33 b 0.35 b 0.41 a 0.37 a 0.38 a 0.37 a 0.39 a 
11.9 be 11.5 e 12.7 abe 13.3 a 12,1 a 
13.7 b 13.9 b 13.5 b 15.1 a 14.8 a 
12.8 b 12.7 b 13.1 b 14.2 a 13.4 a 12.7 a 14.9 b 
53.2 b 56.5 b 93.9 a 62.5 a 66,8 a 
71.9 c 76.1 e 112.9 a 82.2 a 90,0 a 
62.6 c 66.3 be 103.4 a 72.3 a 78,4 a 64.6 a 86.1 b 
40.1 c 44.2 b 43.6 b 46.6 a 44,5 b 
39.4 be 41.3 b 38.0 c 43.9 a 42.7 a 
39.8 b 42.7 b 40.8 b 45.3 a 43.6 a 45.6 a 43.3 b 
3.2 d 3.7 e 3.4 ed 3.8 a 3.6 b 
3.1b 3.3 b 2.9 e 3.5 a 3.4 a 
3.2 b 3.5 b 3.2 b 3.6 a 3,5 a 3.7 a 3.5 b 
1.4 b 1.3 b 2.2 a 1.4 a 1.6 a 
1.8 be 1.8 be 3.0 a 1.9 a 2.2 a 
1.6 b 1.6 b 2.6 a 1.6 a 1,9 a 1.5 a ' 2.1 b 
Table 6. Phenotypic^  and genetic correlations among plant characters measured in the 1962 and 1963 
lodging experiments 
Character Short El. int. Top short Lower short Col. node Adv. roots. Total adv. Culm wall 
ints. frac. Ig. int. Ig. ints. Ig. depth top node roots thickness 
Ig. 
Short ints. 1962 -1.01 +0. 98 +1. 01 -0.46 
Ig. 1963 -0.96 +1. 05 +1. 01 +0.16 
Combined -0.98 +1. 00 +0. 98 -0.20 
El. int. 1962 -1. 00** -0. 54 -0. 96 -0. 99 -1. 00 +0.51 
frac. Ig. 1963 -0. 92** -0. 98 -0. 78 +0. 80 -0. 91 -0. 91 -0.57 
Combined -0. 96** -0. 75 -0. 87 -0. 95 -0. 94 -0.02 
Top short 1962 -0.54** +0. 29 +0. 23 +0. 43 -1.25 
int. Ig. 1963 -0.84** +0. 60 -0. 98 +0. 87 +0. 75 +0.12 
Combined -0.6 9** +0. 38 +0. 54 +0. 60 -0.57 
Lower short 1962 -0.92** +0. 16** +1, 05 +1. 01 -0.04 
ints. Ig. 1963 -0.76** +0. 52** -0. 24 +1. 00 +1. 02 +0.16 
Combined —0.84** +0. 27** +0. 99 +0. 94 +0.03 
Col. node 1962 +0.32** -0. 35** -0. 16** 
depth 1963 +0.64** -0. 39** -0. 13* -0. 34 -0. 42 -1.32 
Combined +0.46** -0. 31** -0. 08 -
Adv. roots, 1962 +0. 89** -0.83** +0. 26** +0. 92** -0. 50** +0. 96 -0.21 
top node 1963 +0. 98** — 0.8 6** +0. 78** +0. 92** -0. 20** +0. 99 +0.11 
Combined +0. 92** -0.88** +0. 51** +0. 89** -0. 18** +0. 97 -0.05 
P^henotypic correlations are given in the lower diagonal. 
G^enetic correlations are given in the upper diagonal. 
Table 6. (Continued) 
Character Short El. int. Top short Lower short Col. node Adv. roots. Total adv. Culm wall 
ints. frac. Ig. int. Ig. ints. Ig. depth top node roots thickness 
Ig. 


















Culm wall 1962 -0.38** +0.40** -0.90** -0.03 +0.50** -0.15** ' -0.38** 
thickness 1963 +0.18** -0.51** +0.18** +0.14** -0.87** +0.18** +0.28** 




Table 7. Phenotypic correlations among plant characters from the 1962 and 1963 lodging experiments 
Character Pith Int. Int. dia./ Cross-sec. Cortex Scler. Cell layers Cortex width/ 
cavity dia. top short area of width width in scler. scler. width 
dia. int. Ig. tissue 
Short ints. 1962 +0. 37** -0. 02 -0. 53** -0. 18** -0. 96** +0. 21** 4-0. 34** -0. 95** 
Ig. 1963 +0. 77** +0. 42** -0. 71** +0. 37** -0. 85** 4-0. 47** +0. 50** -0. 91** 
Combined +0. 47** +0. 20** -0. 60** +0. 12** -0. 09** +0. 32** 4-0. 40** - -0. 89** 
El. int. 1962 -0. 41** -0. 01 +0. 52** 4-0. 16** +0. 96** -0. 22** -0. 35** 4-0. 95** . 
frac. Ig. 1963 -0. 81** -0. 70** +0. 52** -0. 67** +0. 68** -0. 68** -0. 72** 4-0. 87** 
Combined -0. 50V* -0. 41** +0. 52** -0. 33** +0. 82** -0. 46** -0. 54** 4-0. 89** 
Top short 1962 +0. 57** -0. 43** -0. 70** -0. 56** -0. 61** -0. 47** -0. 31** 
int. Ig. 1963 +0. 44** +0. 30** +0. 28** -0. 90** 4-0. 37** +0. 42** -0. 89** 
Combined +0. 50** +0. 02 -0. 07 -0. 73** -0. 07 4-0. 02 -0. 64** 
Lower short 1962 +0. 17** +0. 17** -0. 18** +0. 12* -0. 87** +0. 52** 4-0. 61** -0. 97** 
ints. Ig. 1963 +0. 87** +0. 42** -0. 42** +0. 37** -0. 61** 4-0. 44** -hO. 46** -0. 71** 
Combined +0. 31** +0. 25** -0. 25** +0. 20** -0. 74** 4-0. 53** 4-0. 51** 1 -0. 78** 
Col. node 1962 -0. 97** -0. 56** +0. 07 -0. 21** +0. 13* -0. 2 9** -0. 41** 4-0. 19** 
depth 1963 -0. 45** -0. 88** -0. 12* -0. 8 9** +0. 01 -0. 74** -0. 76** 4-0. 35** 
Combined -0. 2 9** -0. 78** -0. 07 -0. 78** +0. 01 -0. 59** -0. 62** +0 .  2 9** 
Adv. roots, 1962 +0. 50** +0. 43** -0. 17** +0. 26** -0. 83** 4-0. 57** -^ 0. 69** -0. 94** 
top node 1963 +0. 74** +0. 41** -0. 66** +0. 37** -0. 85** 4-0. 51** +0. 53** -0. 92** 
Combined +0. 54** +0. 4W"'c -0. 3 9** +0. 31** -0. 84** 4-0. 53** 4-0. 60** -0. 91** 
Total adv. 1962 +0. 36** -0. 03 -0. 43** -0. 19** -0. 88** 4-0. 2 9** -^ 0. 42** -0. 91** 
roots 1963 +0. 88** +0. 54** -0. 49** +0. 49** -0. 70** 4-0. 56** 4-0. 5 9** -0. 83** 
Combined +0, 49** +0. 33** -0. 46** +0. 26** -0. 78** 4-0. 45** -^ 0. 52** -0. 86** 
Culm wall 1962 -0. 67** +0. 81** +0. 74** +0. 30)'f* + 0 .  55** 4-0. 40** -^ 0. 10 
thickness 1963 +0. 32** +0. 35** +0. 97** +0. 08 4-0. 92** 4-0. 92** -0. 35** 
Combined -0. 32** +0. 58** +0. 86** +0. 18** 4-0. 76** 4-0. 7 0** -0. 16** 
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Col, node 1962 
depth 1963 
Combined 
-0.99 -1.30 +0.09 -1.29 +0.03. -0.94 -0.96 +0.49 
Adv. roots, 1962 















































































Table 9. Phenotypic and genetic correlations among plant characters from the 1962 and 1963 lodging 
experiments 
Character Pith Int. Int. dia./ Cross-sec. Cortex Scler. Cell layers Cortex width/ 
cavity dia. top short area of width width in scler. scler. width 
dia. int. Ig. tissue 
Pith cavity 1962 -0. 37 -0.05 -0. 27 +0. 10 +0.26 -0. 27 
dia. 1963 . -0. 14 +0.86 -0. 45 +0. 69 +0.74 -0. 72 
Combined -0. 30 +0.23 -0. 28 +0. 23 +0.34 -0. 34 
Int. dia. 1962 +0.91 +0. 08 +0. 89 +0.91 -0. 19 
1963 +1.00 -0. 04 +0. 99 +1.01 -0. 48 
Combined +0.98 +0. 00 +0. 95 +0.97 -0. 39 
Int. dia./ 1962 -0. 31** +1.08 +0. 65 +0. 77 +0.63 +0. 38 
top short 1963 -0. 22** +0.31 +1. 03 +0. 13 +0.08 +0. 75 
int. Ig. 
Combined -0. 27** +0.56 +0. 82 +0. 44 +0.34 +0. 56 
Cross-sec. 1962 4-0. 00 +0. 92** 4-0. 80** +0. 21 +0. 93 +0.87 -0. 09 
area of 1963 +0. 55** 4-1. OÇfi'c* 4-0. 24** -0. 02 4-1. 01 +1.02 -0. 47 
tissue Combined +0. 20** +0. 
00 
4-0. 44** +0. 06 +0. 96 +0.96 -0. 36 
Cortex 1962 -0. 25** +0. 06 4-0. 5 9** +0.17** -0. 09 -0.21 
width 1963 -0. 34** -0. 05 4-0. 92** -0.03 -0. 25 -0.28 
Combined -0. 26** -0. 01 -^0. 65** +0.04 -0. 18 -0.25 
Scler. 1962 +0. 10 +0. 80** -^0. 71** +0.83** -0. 10 +0.99 
width 1963 +0. 46** 4-0. 92** 4-0. 10 +0.94** -0. 24** +1.00 
Combined +0. 
1 (N -^0. 88** 4-0. 39** +0.89** -0. 18** +0.99 
^Phenotypic correlations are given in the lower diagonal. 
^Genetic correlations are given in the upper diagonal. 
Table 9. (Continued) 
Character Pith Int. Int. dia./ Cross-sec. Cortex Scler. Cell layers Cortex width/ 
cavity dia. top short area of width width in scler. scler. width 
dia. int. Ig. tissue 
Cell layers 1962 +0.24** 4-0. 79** +0. 5 9** +0. 76** -0. 21** +0. 98** -0. 50 
in scler. 1963 +0.49** +0. 94** +0. 06 +0. 94** -0. 2 7** +1. ODff* -0. 66 
Combined +0.29** +0. 88** +0. 31** +0. 00
 
-0. 24** +0. 99** -0. 60 
Cortex 1962 -0.25** -0. 18** +0. 32** -0. 09 -0. 50** 
width/scler.1963 -0.52** -0. 47** +0. 69** -0. 45** -0. 66** 
width Combined -0.31** -0. 38** +0. 51** -0. 34** -0. 60** 
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is a major component of the other were not calculated since such correla­
tions would be spurious. For'coleoptile depth the component of variance 
for oat strains in 1962 was negative and thus could not be used to cal­
culate correlations. The phenotypic and genetic correlations agreed in 
sign except in several instances where the correlation coefficients were 
close to zero. In general, the same correlation coefficients in 1962 and 
1963 were similar in sign except for the association of culm wall thick­
ness, internode diameter, and cross-sectional area of tissue with many 
of the other plant characters. 
Many of the characters were highly associated genetically, but 
sclerenchyma width and cell layers in sclerenchyma were the characters 
of primary interest herein, because of their relation to the known 
lodging reaction of the five oat strains. These two characters were 
highly correlated (+0.99), both phenotypically and genetically (Table 9), 
so the associations of these two characters with the other plant characters 
were similar. The extremely close association between these two characters 
showed that from a practical point of view only one would need to be 
measured. Sclerenchyma width and cell layers in sclerenchyma had low 
positive genetic associations with short-internodes length, lower-short-
intemodes length, adventitious roots top node, total adventitious roots, 
pith cavity diameter, and internode diameter/top-short-internode length. 
Elongated-internode-fractional length, coleoptile node depth, and cortex 
width were negatively correlated with sclerenchyma width and cell layers 
in sclerenchyma. Culm wall thickness, internode diameter, and cross-
sectional area of tissue were highly genetically correlated, 4-0.83, 
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+0.95, and +0,96, respectively, with sclerenchyma width (Tables 8 and 
9 ) .  
Top-short internodes with the thickest culm wall, the greatest 
internode diameter, and the largest cross-sectional area of tissue had 
the wider hypodermal sclerenchyma band with more cell layers. 
The genetic coefficients of variation (Table 10) give an approxi­
mate measure of the relative genetic variability for each plant character 
among the five oat strains. The relative variabilities were consistent 
between years except for adventitious roots top node, internode diameter, 
and cell layers in sclerenchyma in 1963. Considerable genetic variability 
existed for most of the plant characters, especially elongated-internode-
fractional length, lower-short-internode length, cortex width, and cortex 
width/sclerenchyma width. 
Heritabilities for plant characters measured in the 1962 and 1963 
lodging experiments are given in Table 10. Heritabilitv percentages, on 
an individual plant basis, were 25 percent and were consistent between 
years for lower-short-internodes length, cortex width, sclerenchyma 
width, cell layers in sclerenchyma, and cortex width/sclerenchyma width. 
Heritabilities were low and/or inconsistent for the remaining characters. 
The short internodal portion of C.I. 7010 (Avena strigosa) plants 
differed so much from the hexaploid oat strains used in this study 
(Figure 2) that the data from this strain were not included in the 
statistical analyses for the lodging experiments. Generally, the short 
internodes of C.I. 7010 were so compressed that anatomical measurements 
were obtained from cross-sections of the elongated internode below soil 
Table 10. Genetic coefficients of variation and heritability percentages for plant characters 
measured in the 1962 and 1963 lodging experiments 
Character Genetic coefficient Heritability 
of variation percentage 
1962 1963 Combined 1962^ 1963^ Combined^ 
Plant height - 7.2 - - 40 -
Plant weight - 13,3 - - 12 -
Short-ints. Ig. 10.6 9.3 10.3 24 10 78 
El.-int.-frac. Ig. 21.6 21.3 21.1 15 32 60 
Top-short-int. Ig. 6 . 8  6.7 5.9 4 3 16 
Lower-short-ints. Ig. 19.5 16.8 16.6 25 38 29 
Col. node depth - 2.6 0.7 - 3 2 
Adv. roots, top node 7.2 2 3 . 2  7.3 10 53 55 
Total adv. roots 6.7 8.0 7.6 11 22 8 4  
Culm wall thickness 6.7 5.6 5.6 10 5 28 
Pith cavity dia. 13.6 6 . 7  10.4 12 2 22 
Int. dia. 3 . 4  17.5 4.5 5 53 37 
Int. dia./top-short-int. Ig. 9.4 7.3 8.8 • 8 5 55 
Cross-sec. area of tissue 6 . 7  10.9 8.7 5 10 31 
Cortex width 25.5 19.3 21.4 50 28 68 
Scler. width 9 . 4  12.1 10.3 29 38 58 
Cell layers in scler. 1.0 13.9 11.6 25 49 54 
Cortex width/scler. width 2 8 . 8  27.4 27.7 39 33 6 9  
^Calculated on an individual plant basis. 
^Calculated on a per plot basis. 
Figure 2. Short internodal portions of six oat strains (25 days after 
heading, actual size) 
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CI. 7555 Cl. 7462 CHEROKEE 
MARION MO. 0-205 C. I. 7010 
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surface, whereas in the other five oat strains anatomical measurements 
were made from cross-sections from the top-short internode. Mo. 0-205 
was somewhat like C.I. 7010 in that the top node of the short internodes 
was deep below the soil surface. Internode transverse sections from the 
six oat strains' are shown in Figure 3. Distinguishing features of the 
transections are the wider sclerenchyma of C.I. 7555 and C.I. 7462 and 
the wider cortex of Mo. 0-205. 
Means for each of the plant characters of C.I. 7010 are given in 
Table II. Generally, application of 160 pounds of nitrogen had no effect 
on the plant characters except to produce a slight increase in the cross-
sectional area. Sclerenchyma width in C.I. 7010 oat plants was slightly 
decreased by nitrogen application, but this same effect was noted for the 
other five oat strains also. However, in some C.I. 7010 plants the 
sclerenchyma layer was practically nonexistent at the high nitrogen 
level (Figure 4). 
Depth-of-Planting Experiment 
Short internodal portions of C.I. 7555 oat plants from the 2.0-, 
4.0-, and 7.5-centimeter planting depths are shown in Figure 5. The 
coleoptile node was deeper and the lower-short internodes were more 
elongated with increased planting depth. 
The coefficients of variation for the depth-of-planting experiment 
were somewhat higher than those for the 1962 lodging experiment (Tables 
2 and 12). Elongated-internode-fractional length and lower-short inter­
nodes length had coefficients of variation, 22.5 and 22.2 percent. 
Figure 3. Transverse sections of the top-short internode and the 
first elongated internode of five oat strains and C.I. 
7010, respectively, grown on plots which received no 




Table 11. Means for plant characters of C.I. 7010 at two levels of nitrogen in the lodging 
experiment in 1962 
Character 0 lbs. nitrogen 160 lbs. nitrogen Experiment 
mean 
Short-ints. Ig. (mm.) 10.2 11.0 10.6 
El.-int.-frac. Ig. (mm.) 21.0 21.3 21.1 
Top-short-int. Ig. (mm.) - - -
Lower-short-ints. Ig. (mm.) - - -
Col. node depth (mm.) 31.2 31.9 31.5 
Adv. roots, top node (no.) - - -
Total adv. roots (no.) ^ 15.9 15.7 15.8 
Culm wall thickness (mu.) 1.5 1.7 1.6 
Pith cavity dia. (mu.)^ 1.4 1.4 1.5 
Int. dia. (mu.)® ^ 4.5 4.7 4.6 
Int. dia./top-short-int. Ig. (mu./mm.) - - -
Gross-sec. area of tissue (mu.^)^ 14.1 16.0 15.1 
Cortex width (mu.)b 95.1 95.6 95.3 
Scler. width (mu.)b 32.2 28.6  30.4 
Cell layers in scler. (no.) ^ 2.5 2.2 2.3 
Cortex width/scler. width (mu./mu.) 3.0 3.3 3.1 
^One micrometer unit equaled 0,52 millimeters. 
One micrometer unit equaled 0.0015 millimeters. 
Figure 4. Transverse section of the first elongated internode of 
C.I. 7010 from a plot which had received the 160 pounds 
of nitrogen (25 days after heading, X 100) 
Figure 5. Short internodal portions of oat plants seeded at three 
depths (C.I. 7555, 25 days after heading, X 1.1) 
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Table 12. Coefficients of variation for plant characters measured in 
the depth-of-planting experiment in 1962 
Character Subplot coefficient 
of variation 
Short-ints. Ig. 11.3 
El.-int.-frac. Ig. 22.5 
Top-short-int. Ig. 9.8 
Lower-short-ints. Ig. 22.2 
Col. node depth 8.7 
Adv. roots, top node 10.5 
Total adv. roots 7.7 
No. nodes 4.9 
respectively, whereas the coefficients for the other characters were 
below 12 percent. 
The five oat strains varied significantly for five of the eight 
plant characters measured (Table 13), but for no character was the 
lodging resistant versus susceptible classification of strains the only 
significant source of variation among strains. No significant difference 
was found between the lodging resistant strains for any of the characters, 
but the means of the lodging susceptible strains varied significantly for 
short-internodes length, top-short-internode length, lower-short-inter-
nodes length, adventitious roots top node, and total adventitious roots. 
C.I. 7555 and C.I. 7462 each did not differ significantly from all three 
lodging susceptible strains for any of the plant characters (Table 14). 
The top-short internode of Cherokee was the longest, and the length of 
the lower-short-internodes was low in Mo. 0-205. Marion had the most 
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Table 13. Mean squares from the analyses of variance for plant characters measured ii 
Source of variation 









Oat strains (S) 4 544.69** 136.26 58.86* 461.5 
LR vs LS 1 49.13 - 113.75* 321.4 
Between 1 32.60 - 8.97 7,3 
Among LS 2 1048.54** - 56.35* 763.1 
Error (a) 8 59.76 73.98 11.51 43.1 
Depths of planting (D) 2 27333.34** 1792.42** 825.46** 19032.6 
4 vs 2 and 7.5 1 1122.48** 784.91** 31.10 1527.2 
2 vs 7.5 1 53544.08** 2799.92** 1619.81** 36537.9 
S X D 8 204.67* 38.44 36.13* 191.1 
m vs LS X D 2 162.95 - 50.24* -
LR X D 2 216.18 - 42.58* -
LS X D 4 219.77 - 21.35 -
Error (b) 20 82.26 47.46 12.21 99.0 
Sampling error 405 21.07 15.78 8.76 13.9' 
Total 449 
Standard ern 
0.81 0.91 0.36 0.6! 
Standard < 
0.74 0.56 0.29 0.8] 
racters measured in the depth-of-planting experiment in 1962 
Character , 
DP short Lower short Col. node Adv. roots Total adv. No. nodes 
Int. Ig. ints. Ig. depth top node roots 









































191,17 102.74 0.30 17.48 0.34 
12.21 99.07 92.45 1.72 15.10 0.59 
8.76 13.94 11.24 0.59 3.57 0.13 
Standard error of an oat strain mean 
0.36 0.69 
Standard error of a 
1.08 
depth mean 
0.10 0.36 0.09 
0.29 0.81 0.79 0.11 0.32 0.06 
Table 14. Multiple range tests^ of plant character means from the depth-of-planting experiment for 
five oat strains and three planting depths 
Character Strains Depths 
C.I. 7555 C.I. 7462 Cherokee Marion Mo. 0-205 2 cm. 4 cm. 7.5 cm. 
Short-ints. Ig. (mm.) 26.3 a 25.5 a 28.0 a 26.3 a 21.4 b 13.2 c 23.2 b 40.0 a 
El.-int.-frac. Ig. (mm.) 8.6 a 10.0 a 9.2 a 8 . 9  a 11.7 a 5.7 b 11.5 a 11.8 a 
Top-short-int. Ig. (mm.) 10.9 b 10.5 b 12.7 a 11.3 b 11.3 b 8 . 8  c 11.7 b 13.5 a 
Lower-short-ints. Ig. (mm.) 15.4 a 15.0 a 15.3 a 15.0 à  10.1 b 4.4 c 11.5 b 26.5 a 
Col. node depth (mm.) 34.9 a 35.4 a 37.2 a 35.0 a 33.2 a 18.8 c 34.9 b 51.8 a 
Adv. roots, top node (no.) 4.3 a 4.1 a 4.0 a 4.1 a 3.3 b 3.6 b 4.1 a 4.1 a 
Total adv. roots (no.) 16.1 b 16.3 b 15.7 b 18.0 a 14.0 c 13.9 c 16.4 b 17.7 a 
No. nodes (no.) 5.0 a 5.0 a 4.7 a 5.2 a 4 . 8  a 4.8 b 4.9 b 5.1 a 
^Any two means under one horizontal classification followed by the same letter do not differ 
significantly at the 5 percent level of probability. 
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adventitious roots and Mo. 0-205 the least. The interactions of strains 
X planting depth were significant at the 5 percent level for two of the 
seven characters, but on the whole, there was little interaction of 
strains and planting depths for any of the characters. 
Length of the internodes below ground level and the total number of 
adventitious roots were increased by deeper planting (Table 14). Some 
plants had six nodes below ground level (counting the coleoptile node as 
the first) at the 7.5-centimeter planting depth, and a few plants had 
less than five underground nodes at 2- and 4-centimeter planting depths. 
The phenotypic and genetic correlations among the eight characters 
agreed in sign for all comparisons (Table 15). The correlation coefficients 
were based upon n = 450. Generally, the genetic correlations were high 
except where toprshort-internode length was one of the variables. 
The relative genetic variability for each plant character as measured 
by the genetic coefficients of variation was fairly consistent across 
the three planting depths (Table 16). Also since there was little strain 
X planting depth interaction, the deep planting depth would be best for 
selection purposes because of the greater range at that depth. Little 
genetic variability existed for coleoptile node depth and number of nodes 
at all three depths, and at the deepest planting the genetic coefficient 
of variation for the elongated-internode-fractional length, was zero. 
Heritability percentages on a culm basis were low, especially, for 
elongated-internode-fractional length and coleoptile node depth (Table 
16). 
Plant character data for C.I. 7010 were not included in the variance 
3 b 
Table 15. Phenotypic and genetic correlations among plant characters measured in the depth-of-
planting experiment in 1962 . 
Character Short-ints. El.-int.- Top-short- Lower-short- Col. node Adv. roots. Total adv. No. 






























-0 .18  •0.17 
+1.00 +0.82 
+0.72 +0.54 
-0.94** -0.16** +0.95** +0.57** +0.79 
-0.78** -0.13** +0.76** +0.40** +0.78^"'^ 








Phenotypic correlations are given in the lower diagonal. 
Genetic correlations are given in the upper diagonal. 
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Table 16. Genetic coefficients of variation and heritability percentages 
for plant characters measured in the depth-of-planting experi­
ment in 1962 
Character Genetic coefficient of variation Heritability 
2.0 cm. 4.0 cm. 7.5 cm. percentage 
Short-ints. Ig. 3.4 4.6 2.9 8 
El.-int.-frac. Ig. 4.2 5.5 0.0 1 
Top-short-int. Ig. 2.7 2.8 3.4 4 
Lower-short-ints. Ig. 5.4 8.5 4.4 10 
Col. node depth 0.7 1.3 0.8 1 
Adv. roots, top node 1.3 2.3 3.1 12 
Total adv. roots 1.0 3.1 3.4 14 
No. nodes 2.0 0.9 0.9 3 
analyses of the depth-of-planting experiment, but the character means 
are given in Table 17. The top-short internode was elongated only at 
the 7.5 centimeter planting depth. Short-internodes length, elongated-
internode-fractional length, coleoptile node depth, number of adventitious 
roots, and nodes below the soil surface increased as the planting depth 
increased. 
Developmental Experiment 
The precision of the developmental experiment as judged by the 
coefficients of variation (Table 18) was similar to that of the lodging 
experiment in 1962. 
Significant variation among the oat strains occurred for thirteen 
of the sixteen characters measured (Table 19), but significant variability 
between character means was as prevalent between the lodging susceptible 
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Table 17. Means for plant characters of C.I. 7010 at three depths in 
the depth-of-planting experiment in 1962 
Character 2.0 cm. 4.0 cm. 7.5 cm. 
Short-ints. Ig. (mm.) 6.8 12.2 3 2 . 2  
El.-int.-frac. Ig. (mm.) 11.9 16.7 17.8 
Top-short-int. Ig. (mm.) - - 10.8 
Lower-short-ints. Ig. (mm.) - - 2 1 . 4  
Col. node depth (mm.) 18.7 29.0 50.0 
Adv. roots, top node (no.) - - 2.6 
Total adv. roots (no.) 12.6 14.4 16.7 
No. nodes (no.) 4.5 5.0 5.2 
iTable 18. Coefficients of variation for plant characters measured in 
the developmental experiment in 1962 
Character Coefficients of variation 
Subplot 
Short-ints. Ig. 7.3 
El.-int.-frac. Ig. 16.4 
Top-short-int. Ig. 10.7 
Lower-short-ints. Ig. 12.8 
Col. node depth 3.0 
No. nodes 1.6 
Adv. roots, top node 9.1 
Total adv. roots 5.4 
Culm wall thickness 4.9 
Pith cavity dia. 15.4 
Int. dia. 3.2 
Int. dia./top-short-int. Ig. 14.7 
Cross-sec. area of tissue 4.3 
Cortex width 8 .6  
Scler. width 5.9 
Cell layers in scler. 6.5 
Cortex width/scler. width 11.5 
Mean 8 .8  
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Table 19. Mean squares from the analyses of variance for plant characters measured in the de\ 













Oat strains (S) 2 522.43* 416.25* 155,19 1184.72** 8.44 8. 
LR vs LS 1 414.00''* 390.00* - 577.20* - 14, 
Between LS 1 630.00** 444.00* - 1794.00** - 3, 
Error (a) 4 39.92 29.49 60.12 37.74 9.94 0, 
Sampling date (D) 7 21.57 11.88 20.00* 9.29 9JW 0, 
S X D 14 11.31 6.75 6.94 7.97 5.83 0, 
Error (b) 42 13.23 11.61 6.58 10.76 4.42 0 
Sampling error 288 10.39 7.81 5.08 5.31 4.01 0 
Total 359 
Standard error of a: 
0.58 0.50 0.71 0.56 0.29 0 
Standard error of a i 
0.54 0.51 0.38 0.49 0.31 0 
characters measured in the developmental experiment in 1962 
Character d.f. Character 
Lower-short- Col. node Int. dia. Int. dia./top-short- No. nodes Total adv. 


















37.74 9.94 0.17 0.071 4 0.03 0.31 
9.29 9.38 0.15 0.043 10 61.72** 1611.81** 
7.97 5.83 0.15 0.015 20 0.79** 5.13** 
10.76 4.42 0.09 0.020 60 0.02 1.88 
5.31 4.01 0.10 0.009 396 0.01 1.53 
Standard error ' of an oat strain mean 
494 
0.56 0.29 0.04 0.024 0.01 0.01 
Standard error of a sampling date mean 
0.49 0.31 0.05 0.021 0.02 0.20 
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Table 19. (Continued) 










Oat strains (S) 



















Error (a) 4 0.02 0.17 4.43 4 0.12 
Sampling date (D) 1 0.15 0.39 4.16 6 79.52 
S X D 2 0.06 0.02 9.41* 12 3.5e 
Error (b) 6 0.03 0.11 1.66 36 0.4: 
Sampling error. 72 0.03 0.07 2.99 252 0.7: 
Total 89 314 
Standard i 
0.03 0.08 0.38 o.o: 
Standard er: 
0.03 0.05 0.19 0.1 
d.f. Character 
Cross-sec. 






























4.43 4 0.12 961.10 2.98 0.02 0.50 
4.16 6 79.53** 1275.92** 439.18** 3.41** 2.51** 
9.41* 12 3.56** 422.69 27.08 0.21 0.35 
1.66 36 0.43 246.92 39.22 0.32 0.20 
2.99 252 
314 
0.71 164.41 9.57 0.08 0.09 
Standard error of an oat strain mean 
0.38 0.03 






0.19 0.10 2.34 0.93 0.08 0.07 
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varieties as between lodging resistant versus susceptible. C.I. 7555 
differed from Marion and Mo. 0-205 for all thirteen characters, and the 
lodging susceptible strains, Marion and Mo. 0-205, differed for all 
thirteen characters except culm wall thickness and cross-sectional area 
of tissue. 
At the early sampling dates some characters could not be measured; 
therefore, the degrees of freedom varied for the different characters. 
Significant differences among sampling dates were found for eight charac­
ters; however, an oat strain x sampling date interaction was significant 
only for number of nodes, total adventitious roots, cross-sectional area 
of tissue, and adventitious roots top node. 
For many plant characters C.I. 7555 and Marion tended to be similar 
while Mo. 0-205 was quite different (Table 20). C.I. 7555, the lodging 
resistant strain, had a significantly thicker culm wall, larger internode 
diameter, greater cross-sectional area of tissue, wider sclerenchyma, 
and more layers in the sclerenchyma. 
Number of nodes and total adventitious roots differed among early 
sampling dates but were quite constant after the fourth and sixth sampling 
dates, respectively (Table 21). Adventitious roots at the top node were 
present at the fifth sampling date and remained relatively constant in 
number from the sixth date on. As the oat plants matured, the cortex 
width decreased while the sclerenchyma width and number of identifiable 
cell layers in the sclerenchyma increased. The ratio cortex width/ 
sclerenchyma width was lower at the later sampling dates. The other 
characters remained rather constant across sampling dates. 
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Table 20. Multiple range test^ of plant character means for three oat 
strains from the developmental experiment in 1962 
Character Strain 
C.I. 7555 Marion Mo. 0-205 
Short-ints. Ig. (mm.) 23.7 a 23.1 a 19.8 b 
El.-int.-frac. Ig. (mm.) 7.8 b 8.7 b 11.4 a 
Top-short-int. Ig. (mm.) 10.4 a 9.7 a 12.0 a 
Lower-short-ints. Ig. (mm.) 13.3 a 13.3 a 7.9 b 
Col. node depth (mm.) 31.5 a 31.7 a 31.2 a 
No. nodes (no.) 4.5 a 4.4 a 4.2 b 
Adv. roots, top node (no.) 3.5 b 3.7 a 2.5 c 
Total adv. roots (no.) ^ 11.8 b 12.2 a 10.1 c 
Culm wall thickness (mu.) 1.8 a 1,5 b 1.6 b 
Pith cavity dia. (mu.)^ 
Int. dia. (mu.)^ ^ 
0.9 a 1.0 a 1.0 a 
4.6 a 4.1 c 4.3 b 
Int. dia./top-short-int. Ig. (mu./mm.) 0.46 a 0.44 a 0.39 a 
Cross-sec. area of tissue (mu.2)c 15.1 a 12.3 b 13.2 b 
Cortex width (mu.)^ 74.8 b 66.9 b 103.3 a 
Scler. width (mu.)c 53.0 a 46.6 b 43.7 c 
Cell layers in scler. (no.) ^ 4.4 a 3.8 b 3.4 c 
Cortex width/scler. width (mu./mu.) 1.4 b 1.4 b 2.4 a 
^Any two means under one horizontal classification followed by the 
same letter do not differ significantly at the 5 percent level of 
probability. 
One micrometer unit equaled 0.52 millimeters. 
"^One micrometer unit equaled 0.0015 millimeters. 
Short internodal portions of C.I. 7555 plants from the first six 
sampling dates are shown in Figure 6. The external characteristics of 
the short internodes part changed little from the sixth to the eleventh 
sampling date (Table 21). The oat plants were prepared for photographing 
by removing the leaf sheaths and tillers. Oat strain differences in 
characteristics of the short internodal portion of the plant are evident 
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Table 21. Multiple range test^ of plant character means at eleven sampling dates f: 
Character 
1 2 3 z 5 
Short-ints. Ig. (mm.) 22.5 a 20.8 a 
El.-int.-frac. Ig. (mm.) - - - 8.7 a 10.1 a 
Top-short-int. Ig. (mm.) - - - 11.1 ab 10.0 b 
Lower-short-ints. Ig. (mm.) - - - 11.4 a 10.9 a 
Col. node depth (mm.) - - - 31.2 a 30.9 a 
No. nodes (no.) 1.6 d 2.7 c 3.7 b 5.0 a 5.0 a 
Adv. roots, top node (no.) - - - - 0.3 d 
Total adv. roots (no.) ^ 1.8 g 2.1 g 4.9 f 8.5 e 11.5 d 
Culm wall thickness (mu.) - - - - -
Pith cavity dia. (mu.)b - - - - -
Int. dia. (mu.)b ^ - - - 4.3 a 4.4 a 
Int. dia./top-short-int. Ig. (mu./mm.) - - - 0.40 a 0.48 a 
Cross-sec. area of tissue (mu.2)b - - - - -
Cortex width (mu.)c - - - - 91.1 a 
Scler. width (mu.)c - - - - 41.9 d 
Cell layers in scler. (no.) - - - - 3.4 c 
Cortex width/scler. width (mu./mu.)^ 2.2 a 
^Any two means under one horizontal classification followed by the same letter 
One micrometer unit equaled 0.52 millimeters, 
^bne micrometer unit equaled 0.0015 millimeters. 
ven sampling dates from the developmental experiment in 1962 
Sampling date 
4 5 6 7 8 9 10 11 
22.5 a 20.8 a 23.0 a 22.9 a 21.7 a 22.2 a 22.4 a 22.1 a 
8.7 a 10.1 a 9.1 a 9.1 a 10.1 a 9.2 a 9.3 a 8.8 a 
11.1 ab 10.0 b 11.9 a 10.8 ab 10.0 b 10.2 b 11.2 ab 10.6 b 
11.4 a 10.9 a 11.1 a 12.1 a 11.7 a 12.1 a 11.2 a 11.5 a 
31.2 a 30.9 a 32.0 a 32.1 a 31.8 a 31.4 a 31.7 a 30.9 a 
5.0 a 5.0 a 5.0 a 5.0 a 5.0 a 5.0 a 5.0 a 5.0 a 
- 0.3 d 3.2 c 3.7 b ' 4.1 a 3.9 ab 3.7 b 3.8 ab 









- - - 0.9 a 1.0 a 
4.3 a 4.4 a 4.4 a 4.4 a 4.4 a 4.4 a 4.3 a 4.2 a 
0.40 a 0.48 a 0.39 a 0.42 a 0.46 a 0.45 a 0.41 a 0.43 a 
- - - -
-
- 13.7 a 13.3 a 
- 91.1 a 84.9 ab 80.0 be 84.1 ab 76.8 c 78.7 be 76.2 e 
- 41.9 d 45.8 c 47.0 be 49.8 ab 50.6 a 49.5 ab 49.8 ab 
- 3.4 c 3.7 b 3.8 ab 4.1 a 4.1 a 4.0 a 4.1 a 
- 2.2 a 1.9 b 1.8 be 1.7 bed 1.5 d 1.6 ed 1.6 cd 
id by the same letter do not differ significantly at the 5 percent level of probability. 
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in Figure 7. Mo. 0-205 was slowest in development; Marion had adventi­
tious roots at the top node below ground surface at an earlier stage 
than did the other strains. 
Transverse sections from'the top-short internodes of the three oat 
strains photographed in color are shown in Figures 8-10. Lignification 
is shown in these photographs by the red and brown color of the tissue. 
The increase in cell wall lignification of the hypodermal sclerenchyma 
and the adjoining parenchyma as the oat plant matured was evident. Oat 
strain differences in lignification could be detected as early as the 
fifth sampling date. Mo. 0-205 had less lignification of the sclerenchyma 
cell walls and a much wider cortex. At the eleventh sampling date C.I. 
7555 and Marion had more sclerenchyma cells around the vascular bundles 
than Mo. 0-205; however, C.I. 7555 had a wider hypodermal sclerenchyma. 
Differences in the color intensity of stained lignin in Marion at the 
later sampling date was due to the fact that a thinner section was used 
for the photomicrograph. 
Considerable genetic variability existed among the three oat strains 
for elongated-internode-fractional length, lower-short-internodes length, 
adventitious roots top node, cortex width, and cortex width/sclerenchyma 
width as indicated by the genetic coefficients of variation for these 
characters (Table 22). The variance component for oat strains of the 
characters coleoptile node depth and pith cavity was negative; therefore, 
the genetic variability for these two characters should be considered 
zero. 
In the developmental experiment the four characters, adventitious 
Figure 6. Short internodal portions of six typical oat plants 
sampled at weekly intervals beginning with 1 week after 
emergence (C.I. 7555, X .85) 
Figure 7. Short internodal portions of typical oat plants of three 
oat strains from the fifth sampling date (X .85) 
' Â  : 
CI. 7555 MARION MO. O 205 
Figure 8. Transverse sections of the top-short internode of the 
lodging resistant oat strain, C.I. 7555 (5 and II weeks 
after emergence, respectively, X 90) 
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Figure 9. Transverse sections of the top-short internode of the 
lodging susceptible oat strain, Marion (5 and 11 weeks 
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Figure 10. Transverse sections of the top-short internode of the 
lodging susceptible oat strain, Mo. 0-205 (5 and 11 
weeks after emergence, respectively X 90) 
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Table 22. Genetic coefficients of variation and heritability percentages 
for plant characters measured in the developmental experiment 
in 1962 
Character Genetic coefficient Heritability 
of variation percentages 
Short-ints. Ig. 9. ,0 9 
El.-int.-frac. Ig. 19. ,3 10 
Top-short-int. Ig. 8. ,3 1 
Lower-short-ints. Ig. 26. 9 20 
Col. node depth -
No. nodes 3. ,0 35 
Adv. roots, top node 21. ,0 79 
Total adv. roots 10. ,2 81 
Culm wall thickness 7. ,3 41 
Pith cavity dia. -
Int. dia. 6. ,1 30 
Int. dia./top-short-int. Ig. 6. ,7 1 
Cross-sec. area of tissue 10. 0 29 
Cortex width 23. ,1 27 
Scler. width 10. 0 88 
Cell layers in scler. 12. 7 93 
Cortex width/scler. width 30. ,8 37 
roots top node, total adventitious roots, sclerenchyma width, and number 
of cell layers in the sclerenchyma, were highly heritable on a plant 
basis, 79, 81, 88, and 93 percent, respectively (Table 22). Top-short-
internode length and internode diameter/top-short-internode length were 
more subject to the environment as judged by their low heritability 
(1 percent). 
Lodging Experiments--Culm Breakage 
Examples of culm breakage below the soil surface as a result of 
root lodging of oat plants were shown in Figure lA. Oat strain breakage 
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frequencies and distributions of breaks in the two top intemodes of the 
short internodal portions from root lodged oat plants in the 1962 and 
1963 lodging experiments are given in Table 23. C.I. 7555 had the highest 
percent of culm breakage, 25.1 percent, and nearly half of the breakage 
occurred in the second-top-short internode. The other strains had pro­
portionally fewer breaks in the second-top-short internode. 
Generally, more culm breakage occurred in each oat strain at the 
high level of nitrogen, and overall the percents of broken culms at 0 
and 160 pounds of aitrogen were 7.8 and 19.1, respectively. Most of the 
culms that were broken in 1962 resulted from natural root lodging which 
occurred during a rainstorm several days after heading (June 17, 1962). 
Culm breakage usually occurred in the lower two-thirds of the top-
short internode except for Mo. 0-205 where 40 percent of the breaks were 
in the upper one-third. When all the data from both years are considered, 
over 50 percent of the breakage occurred in the middle one-third of the 
top-short internode. In the second-top-short internode a majority of 
the breakage was in the top one-third. 
No significant differences were found among the oat strains for the 
mean depth of break below soil surface (Table 24); however, the oat 
strains did vary significantly for the location of the break in the top-
short internode. Since such a small number of culms were broken in the 
no nitrogen plots (Table 23), the data from this treatment were not 
analyzed. 
In 1963 significant differences among oat strains were found for 
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Table 23. Frequency and distribution of culm breaks in the two top short internodes 
experiments 
Top-sho] 
Oat strain Year Nitrogen Total culms Total Percent No. No. upper 
treatment examined broken broken broken one-third 
C.I. 7555 1962 0 132 2 1.5 2 0 
160 148 47 31.8 12 0 
1963 0 126 42 33.3 26 0 
160 128 43 33.6 35 0 
Total 534 134 25.1 75 0 
C.I. 7462 1962 0 126 2 1.6 0 j 
160 113 32 28.3 18 3 
1963 0 120 4 3.3 4 1 
160 125 9 7.2 8 0 
Total 484 47 9.7 30 4 
Cherokee 1962 0 146 2 1.4 2 1 
160 143 21 14.7 19 0 
1963 0 154 15 9.7 15 0 
160 133 3 2.3 2 0 
Total 576 41 7.1 38 1 
Marion 1962 0 134 2 1.5 2 2 
160 126 22 17.5 21 2 
1963 0 71 19 26.8 9 0 
160 59 19 32,2 14 0 
Tota 1 390 62 15.9 46 4 
Mo. 0-205 1962 0 137 7 5.1 7 7 
160 117 25 21.4 23 10 
1963 0 144 5 3.5 5 0 
160 136 13 9.6 13 3 
Total 544 50 9.2 48 20 
Total 0 1290 100 7.8 72 11 
160 1228 234 19.1 165 18 
Total 2518 334 13.3 237 29 
top short internodes of five oat strains root lodged in the 1962 and 1963 lodging 
Top-short internode Second-top-short internode 
No. No. upper No. middle No. lower No. No. upper No. middle No. lower 





















































































































































































Table 24. Mean squares from the analyses of variance for measurements 
taken on broken top-short internode of five oat strains that 
were naturally root lodged on plots to which 160 pounds of 




Top short internode 
Depth of break 
below soil 
surface 
Lg. from break 
to node above/ 
lg. of internode 
Oat strains 4 






mean depth of break below soil surface and for mean length from break 
to node above/length of the top-short internode at both levels of 
nitrogen (Table 25). At the zero level of nitrogen application in 1963, 
culms of the lodging susceptible strains were broken in the top-short 
internode at a deeper level than were C.I. 7555 and C.I. 7462 (Table 
26); however, at the high nitrogen treatment the difference between 
lodging susceptible and resistant strains was not evident. Although some 
of the oat strains differed significantly for the ratio, length from 
break to node above/length of internode, the mean location of the break 
was outside the middle one-third of the top-short internode in only three 
instances. The ratios for C.I. 7555 at 0 pounds nitrogen in 1963 and 
Marion at both nitrogen levels in 1963 were 0.71, 0.74, and 0.67, 
respectively. 
Table 25. Mean squares from the analyses of variance for measurements taken on broken top-short 





d.f. Depth of break 
below soil 
surface 
Lg. from break 
to node above/ 
lg. of internode 
160 Nitrogen 
d.f. Depth of break 
below soil 
surface 
Lg. of break 
to node above/ 
lg. of internode 
Oat strains 4 













Table 26. Multiple range test^ of means of measurements taken on broken top short internodes of 
five oat strains root lodged in the 1962 and 1963 lodging experiments 
Depth of break 




, of internode 
Oat strain 1962 1963 1962 1963 
160 N 0 N 160 N 160 N 0 N 160 N 
C.I. 7555 18.2 a 14.1 c 15.3 be 0.51 ab 0.71 ab 0.66 ab 
C.I. 7462 17.9 a 16.5 be 14.5 be 0.52 ab 0.52 d 0.55 bed 
Cherokee 18.4 a 19.9 a 13.2 e 0.59 a 0.61 cd 0.47 d 
Marion 18.2 a 18.1 ab 16.6 b 0.57 a 0.74 a 0.67 a 
Mo. 0-205 18.1 a 18.1 ab 20.9 a 0.41 b 0.63 be 0.59 abe 
^Any two means under one vertical classification followed by the same letter do not differ 
significantly at the 5 percent level of probability. 
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In the 1962 varietal yield test on the Carrington-Clyde area (Table 
27) Clintland 60, a lodging resistant strain, had the most broken culms, 
57.5 percent; however, two-thirds of the culm breaks occurred in the 
second-top-short internode. Overall all varieties about half of the 
breaks in the top-short internode were located in the middle one-third 
of the internode, and in the second-top-short internode about 70 percent 
of the breaks were in the upper one-third. 
Significant variations among the oat strains were found for depth 
of break below soil surface in both internodes and location of the break 
in the top-short internode (Table 28). For Clintland 60 the mean depth 
of the break in both the internodes was significantly less than for 
Cherokee and Goldfield although the mean location of the break in the 
top-short internode of Clintland 60 was lower than for Cherokee (Table 
29). 
82 
Table 27. Frequency and distribution of culm breaks in the two top-short internodes of t 
yield test, Carrington-Clyde experimental farm 
Top-short interno'de 
Total Total Percent No. No. No. middle 
Variety culms broken broken broken upper one-third 
examined one-third 
Cherokee 120 57 47.5 45 21 22 
Goldfield 120 51 42.5 35 11 17 
Clintland 60 120 69 57.5 23 3 15 
Total 360 177 49.2 103 35 54 
V 
5 two top-short internodes of three oat strains naturally root lodged in the 1962 varietal 
















21 22 2 12 2 5 7 
11 17 7 16 12 3 1 
3 15 5 46 37 9 0 
35 54 14 74 51 17 8 
Table 28. Mean squares from the analyses of variance for measurements taken on broken short 
internodes of three oat strains naturally root lodged in the 1962 varietal yield test, 





Depth of break 
below soil surface 
Lg. from break 
to node above/ 
lg. of internode 
Second-top-short internode 
Depth of break 
d.f. below soil 
surface 
Lg. from break 
to node above/ 
lg. of internode 
Oat strains 2 














Table 29. Multiple range test^ of means of measurements taken on broken 
short internodes of three oat strains naturally root lodged 





Cherokee Goldfield Clintland 60 
Depth of break Top 21.1 a 21.5 a 15.0 b 
below soil 
surface Second top 25.6 b 28.4 a 21.4 c 
Lg. from break •Top 0.36. b 0.48 a 0.53 a 
to node above/lg. 
of internode Second top 0.33 a 0.32 a 0.30 a 
^Any two means under one horizontal classification followed by the 




Certain characteristics of the underground portion of the oat plant 
should influence the ability of the plant to resist root lodging. The 
identification of these characters would eliminate the oat breeder's 
dependence on waiting for an environment which will elicit differential 
natural root lodging and would enable him to evaluate oat lines for root 
lodging resistance at will. If the plant characteristics responsible for 
resistance to root lodging could be identified, the practicality of their 
use would depend upon rapidity with which they could be measured, the 
constancy of their expression across environments, and accuracy of 
evaluation. 
The oat plant has been studied extensively with respect to lodging 
resistance; however, no plant character has been universally (i.e., all 
genotypes and environments) and/or closely associated with the ability 
to resist lodging. In many reported investigations it has not been 
explicitly stated what type of lodging was under consideration. Logical­
ly, different portions of the plant would be involved in the various 
types of lodging. 
Root lodging was the only type considered herein since experience 
has shown that in Iowa and much of the Corn Belt most of the lodging 
which occurs in oat fields before maturity is root lodging. It is root 
lodging which causes reduction in oat yields and quality and smothers 
underseeded forage seedlings. No attempt was made to associate the 
measured characters with any natural root lodging that occurred in the 
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experiments or with lodging resistance values obtained by some artificial 
technique, but rather some characters of the short internodal portion of 
oat plants were measured using oat strains of known root lodging reaction. 
Culm Breakage 
Evidence of actual breakage of the short internodes was frequent 
among naturally root-lodged oat plants. Percent of broken culms was 
highest in the varietal test where the oat plants had root lodged before 
heading. Although the oat plants could be root lodged artificially, the 
frequency of broken culms among the artificially lodged plants was con­
siderably lower than among the naturally lodged plants. More breakage 
was found in the plots that had received excessive nitrogen. 
Significant differences among oat strains for the depth of the break 
below soil surface supported the hypothesis that the location of the 
break was related to the structure of the short internodal portion and 
not to the depth of the effective soil surface, i.e., the firm soil 
layer beneath the top water-saturated "soupy" layer produced during a 
typical rainstorm. Furthermore, the mean location of the break, i.e., 
length from break to node above/length of top-short internode, generally 
was in the middle one-third of the internode although differences in 
depth of break occurred for that internode. 
The frequency of broken internodes among lodged C.I. 7555 and 
Clintland 60 plants was higher than for the lodging susceptible strains. 
Apparently if enough force was applied to cause root lodging, many 
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C.I. 7555 and Clintland 60 plants although considered lodging resistant 
would break in the short internodes. 
C.I. 7010 plants severely root lodged both years in the lodging 
experiment; however, no plants with broken short internodes were found. 
The lower-short internodes of this strain were not elongated, and the 
top-short internode was elongated infrequently. 
Experimental Precision 
The relative precision of the plant character measurements was 
satisfactory for some characters and unsatisfactory for others as 
indicated by the magnitude of the coefficients of variation. The coef­
ficients of variability for elongated-internode-fractional length, lower-
short -internodes length, pith cavity diameter, and internode diameter/ 
top-short-internode length were high according to most standards; however, 
even for these characters the coefficients of variation exceeded 17 per­
cent in only two instances. Some soil movement at the base of the plant 
or failure to sever the oat culm uniformly at the soil surface could have 
caused the greater variation for elongated-internode-fractional length. 
Whether more culms should be measured or more measurements made on a 
culm for these characters will not be discussed herein, but undoubtedly 
adjustment to a different sample number or sampling procedure would affect 
the precision of measurement. Although the information was available to 
determine optimum numbers of plots, samples, and measurements for the 
different characters, calculation of these values was not an objective 
of this study. 
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Coefficients of variation for stem diameter, pith cavity diameter, 
culm wall thickness, and sclerenchyma width for two years were presented 
by Jellum (54). At the high seeding rate (3 3/4 bushels per acre) they 
were 8.6, 12.7, 11.3, and 18.1 for 1958 and 9.9, 12.0, 11.8, and 13.0 
for 1959, respectively. In the lodging experiments of this study the 
coefficients of variation for the same characters were 4.9, 13.7, 6.9, 
and 4.7, respectively. The coefficients of variation from the two studies 
are not directly comparable since different sampling procedures were 
used, and Jellum (54) made measurements on the second elongated basal 
internode. Iljinskaja-Centilovic and Teterjatcenko (52) pointed out that 
the sclerenchyma width varies within the regions of the same wheat stem 
and that measurements should be made at several definite places. The 
tiller from the node below flattens an area where it is adjacent to the 
top-short internode of the oat plants (Figure IB). Having disproportionate 
sampling in this area could result in errors of estimation for sclerenchyma 
and cortex widths. 
Plant Characteristics of the Oat Strains 
Significant differences were found among the oat strains for all 
the plant characters except for coleoptile node depth in at least one 
experiment; however, many of these were not indicative of differences 
which separated lodging resistant from lodging susceptible strains. 
Sclerenchyma width and number of cell layers in the sclerenchyma were 
the only characters for which both lodging resistant strains differed 
from the lodging susceptible strains consistently and significantly. 
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C.I. 7555 and C.I. 7462 had larger internode diameters and cross-sectional 
areas of tissue, but the differences between the lodging susceptible 
strains and C.I. 7462 were not significant at the 0.05 probability level 
for these characters. 
Width of the sclerenchyma layer has been positively associated with 
lodging resistance in oats by some investigators (12, 35, 50, 76, 118, 
119), but others (29, 34, 55) have found no relation between sclerenchyma 
tissue thickness and lodging resistance. Hamilton (35) reported sig­
nificant differences between lodging resistant and lodging susceptible 
oat strains for number of cell layers in the sclerenchyma. Short basal 
internodes and large culm diameter also have been associated with lodging 
resistance in oats by many investigators; however, in this study top-
short -internode length, large internode diameter, and cross-sectional area 
of tissue were not related to the known lodging reaction of the oat 
strains used. Norden and Prey (80) reported similar results for the 
latter two characters. 
In all of the investigations cited here, the anatomical characters 
were studied on internodes which grew above ground level, whereas herein 
the short internode below the soil surface, where lodging actually occurs, 
was used. Oat varieties showed greater histological differences at the 
base of the culm, 1/2 inch above soil level, than at higher internodes 
according to Hamilton (35). Hamilton (35), Koehler (63), and Sechler 
(102) reported that lodging resistant oat strains had longer root crowns 
than did lodging susceptible ones, but herein, the differences in short-
internodes length were not related to the lodging reactions of the oat 
strains. 
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To resist root lodging the plants of an oat cultivar should have a 
well-developed, sturdy short internodal portion in which the short 
internodes have a thick diameter, a large cross-sectional area, and a 
wide layer of hypodermal sclerenchyma. C.I. 7555 and C.I. 7462, the root 
lodging resistant oat strains, possessed all these characteristics; how­
ever, C.I. 7462 was somewhat deficient for internode diameter and cross-
sectional area when compared with C.I. 7555. Reduced plant height such 
as found in C.I. 7462 in combination with the above characters would also 
contribute to the root lodging resistance of an oat cultivar, especially, 
when the environment is very favorable for oat plant growth. 
Environmental Effects on Plant Characters 
The unfavorable effects of excessive nitrogen on lodging resistance 
have been reported by many investigators (14, 40, 67, 73, 75, 88, 93, 99, 
106). In this study the unsupported oat plants that had received a 160 
pound application of nitrogen were severely root lodged by a rainstorm 
in 1962, whereas the non-nitrogen treated plots were not lodged. No 
natural root lodging occurred in 1963. 
The nitrogen treatments did not cause significant differences for 
any of the plant characters when the data for two years were combined. 
Nitrogen application significantly increased the number of adventitious 
roots, top node in 1963 and total adventitious roots in 1962, and in 1962 
it decreased the culm wall thickness, sclerenchyma width, and number of 
cell layers in the sclerenchyma. Mulder (75) reported that excessive 
nitrogen reduced the area of lignified tissue in the sclerenchyma zone 
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of oat culms. Increased top growth of oat plants due to nitrogen 
fertilization also has been implicated as a cause of reduced lodging 
resistance (12, 75, 102, 118, 119). In this study plant height and weight 
were increased by nitrogen fertilization, but neither increase was signif­
icant. 
Significant nitrogen x oat strain interactions were found for some 
oat plant characters but in no case were the interactions significant 
for both years. 
The environments of the 1962 and 1963 growing seasons had an effect 
on most of the morphological and anatomical characters measured in the 
lodging experiments. Elongated-internode-fractional length and top-short-
internode length were similar in both years; however, the mean lower 
short-internodes length was 4 millimeters less in 1963 so the coleoptile 
node depth was shallower in 1963 since depth of planting was held constant. 
Maximum and minimum soil temperatures 1 inch deep for the 1-week 
period after planting the 1962 and 1963 lodging experiments are shown in 
Table 30. The temperatures were recorded in bare soil cultivated to a 
depth of 2 inches at the agronomy farm, Ames, Iowa. The soil temperature 
averaged 4° F. higher in 1963 than in 1962 and was considerably higher 
for several days immediately after planting. This latter period would 
coincide with first internode elongation, and in 1963 the coleoptile 
node depth was short. Webb and Stephens (117) and Taylor and McCall 
(110) working with wheat and Sechler (102) working with oats have 
reported similar temperature effects; however, Rodgers (94) found the 
opposite effect for high temperature in a greenhouse study with oats. 
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Table 30. Daily maximum and minimum soil temperatures for 1 week 
following planting the lodging experiments in 1962 and 1963 
Days after Soil temperature (° F.) 
planting Maximum Minimum 
1962 1963 1962 1963 
0 50 74 33 35 
1 63 76 34 45 
2 64 71 40 55 
3 68 70 39 56 
4 59 62 43 44 
5 68 63 42 34 
6 68 59 49 40 
7 74 69 42 41 
Mean 64 68 40 44 
^Data taken from United States Department of Agriculture weather 
records. 
A significant year x oat strain interaction was found for three 
characters. Sclerenchyma width and number of cell layers in the 
sclerenchyma were two of these characters. Although the significant 
interaction existed, both lodging resistant strains remained significantly 
different from the lodging susceptible strains for these two characters. 
Depth of planting had a significant effect on all the characters 
measured in that experiment. The short-internodes length was nearly 
doubled and redoubled as the depth of planting was changed from 2 to 4 
centimeters and from 4 to 7.5 centimeters. Deep seeding caused wheat 
plants to produce deeper crowns according to Taylor and McCall (110) 
and Webb and Stephens (117). Sechler (102) obtained longer oat root 
crowns by deep seeding; however, Hamilton (35) concluded that deep seeding 
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did not affect the depth at which oat crowns were formed. Martin and 
Leonard (69) and Rodgers (94) have stated that deep seeding has no effect 
on the depth of secondary root development. 
The only significant planting depth x oat strain interactions were 
for short-internodes length and top-short-internode length. 
As expected, significant variation was found among the sampling 
dates for a number of the characters measured in the developmental 
experiment. Most of the characters could not be measured adequately 
until the fourth or fifth sampling date, but after that the measurements 
generally remained fairly constant. The pith cavity was present in some 
internodes at the eighth and ninth sampling dates, and it was always 
present at the tenth sampling. Number of nodes, adventitious roots top 
node, total adventitious roots, and cross-sectional area of tissue were 
the only characters for which a significant oat strain x sampling date 
interaction was found. Measurement of these characters for strain dif­
ferences would have to be delayed until the short internodal portion was 
completely developed. 
The normal seeding rate of 3 bushels per acre was used throughout 
this study. Welton (118), Sechler (102), and Jellum (55) have demonstrated 
that seeding rate has an effect on plant characters of oats. Jellum (55) 
concluded that measurements in lodging resistance studies should be made 
on plants grown at the normal seeding rate because oat cultivars 
responded differentially to seeding rate. 
Large primary oat seeds were used for seeding the plots in this 
study. This procedure should have eliminated some of the plant to plant 
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variation since Welton (118) found that oat plants from large seeds had 
thicker culms, wider hypodermal sclerenchyma zones, and greater amounts 
of lignification. 
On the basis of this study and the previously cited investigations, 
techniques which reduce or eliminate sources of environmental variation 
must be employed when measuring characters of the short internodal 
portion to determine the relative root lodging resistance of oat strains. 
Seeds of large size should be uniformly spaced at a normal seeding rate. 
A constant depth of planting should be used, preferably 4 centimeters. 
A significant oat strains x years interaction was found for sclerenchyma 
width and number of cell layers in the sclerenchyma; therefore, any test 
using these characters to measure root lodging resistance should be 
conducted at least 2 years. Since no strong evidence was present over 
the 2-year period for an oat strains x nitrogen treatment interaction 
for the plant characters measured, a relatively high soil fertility 
should be used to elicit good plant growth and development. 
Association of Plant Characters 
I 
Herein, the phenotypic and genetic correlations among the plant 
characters were generally high. The high genetic correlations between 
characters indicated common genetic effects. The correlation coefficients 
from the lodging experiments and from the depth-of-planting experiment 
had opposite signs for the association of top-short-internode length 
with coleoptile node depth, adventitious roots top node, and total 
adventitious roots. Otherwise, the correlation coefficients were similar 
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in both experiments. 
Few investigators have reported the associations of the culm 
characters of oats measured in this study. Norden and Frey (80), using 
three oat crosses, reported that culm diameter and area of tissue were 
highly and positively correlated. The phenotypic correlations between 
diameter of the culm and number of coronal roots were significant in 
one oat strain and the F^ of one cross (+0.75 and +0.57, respectively) 
according to Sechler (102). In two other crosses and three oat strains 
the coefficients ranged from +0.003 to +0.41. Hamilton (35) found a 
significant phenotypic association between culm diameter and number of 
coronal roots for eight oat varieties. In the 1962 and 1963 lodging 
1 
experiments of this study the respective phenotypic correlations between 
internode diameter and total adventitious roots were -0.03 and +0.54. 
Selection for wider sclerenchyma width would result in an increase in 
number of cell layers in the sclerenchyma as shown by the high genetic 
correlation (+0.99) between these two characters. Sclerenchyma width 
also was highly genetically correlated with internode diameter and 
cross-sectional area of tissue (+0.95 and +0.96, respectively). A high 
genetic association (+0.98) was found between internode diameter and 
cross-sectional area of tissue. Since the genetic relationships among 
these four characters were very high and positive, simultaneous improve­
ment in all four could be made by selection for one of them. Of the four 
characters internode diameter would be efficient to measure. 
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Genetic Coefficients of Variation and 
Heritabilities for Plant Characters 
The estimates of the genetic variance for each character are 
comparable when considered relative to the mean of the particular charac­
ter. Genetic coefficients of variation indicate the relative genetic 
variability that existed among oat strains and thus is useful when com­
paring different characters. The genetic coefficients of variation for 
each character were generally similar when estimated from the different 
experiments. The range of genetic coefficients of variation was from 
approximately 29 percent for cortex width/scl'erenchyma width to about 3 
percent for number of nodes. 
Another useful statistic is heritability percentage, which gives a 
measure of the genetic variability relative to the phenotypic variability. 
In crosses it indicates the probability of success from selection. In 
this study, where strains with standard genotypes were used, heritability 
percentages show the relative importance of genetic and environmental 
factors in causing total variability. 
Sechler (102) reported correlations betweerî and generations 
of three oat crosses for length of root crown, diameter of culm, and 
number of coronal roots ranged from +0.39 to +0.42 from +0.25 to +0.45 
and from +0.01 to +0.19, respectively. 
Considerable variation existed among the plant heritability 
percentages from the various experiments for elongated-internode-frac-
tional length, adventitious roots top node, total adventitious roots. 
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number of nodes, and internode diameter. Although sample size varied 
among the experiments, the genotypic expression of these characters was 
less stable across environments as compared to the other plant characters 
measured. The heritability percentages were consistently low for top-
short -internode length, coleoptile node depth, pith cavity diameter, and 
internode diameter/top-short-internode length. For these characters 
most of the variability among plants was environmental. Coleoptile node 
depth was largely influenced by soil temperature. 
In the lodging experiments the heritability percentages on a plant 
basis were 29 and 38 for sclerenchyma width and 25 and 49 for number of 
cell layers in the sclerenchyma. In the developmental experiment the 
heritability percentages for the same two characters were higher, 88 and 
93, respectively, although a smaller sample size was used than in the 
lodging experiments. More environmental variability was present for 
sclerenchyma width and number of cell layers in the sclerenchyma in the 
lodging experiment because of differences in the soil environment since 
the plot size and the experimental area of the lodging experiment were 
larger than those of the developmental experiment. More measurements per 
culm were made for these characters, whereas only one measurement per 
culm was made for the external characteristics of the short internodal 
portion. The environment which would elicit the greatest genetic 
variability relative to the total phenotypic variability for a plant 
character using a minimum sample size would be the most desirable. 
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Heritabilities of plant characters were maniuplated considerably 
higher by calculating the heritability percentages on a replicate basis 
(Table 31). The error variance associated with a replicate mean was 
less than that associated with an individual plant value; therefore, on 
a replicate basis the environmental variability was a smaller part of 
the total phenotypic variability. 
Table 31. Heritability percentages on a replicate basis for plant characters measured in three 
experiments during two years 
Depth-of-planting Developmental 
Character Lodging experiment experiment experiment 
1962 1963 Combined 1962 1962 
Plant height - 97 - - -
Plant weight - 89 - - -
Short-ints. Ig. 95 87 98 89 92 
El.-int.-frac. Ig. 91 97 95 46 93 
Top-short-int. Ig. 71 67 69 80 61 
Lower-short-ints. Ig. 95 97 83 91 97 
Col. node depth - 63 17 43 -
Adv. roots top 87 87 94 92 100 
Total adv. roots 88 94 98 94 100 
Culm wall thickness 87 78 82 - 95 
Pith cavity dia. 88 49 77 - -
Int. dia. 77 87 87 - 98 
Int. dia./top-short-int. Ig. 83 75 93 ' - 58 
Cross-sec. area of tissue 75 87 84 - 93 
Cortex width 98 96 96 - 98 
Scler. width 96 97 94 - 100 
Cell layers in scler. 95 98 93 - 100 
Cortex width/scler. width 95 97 96 - 98 
No. nodes - - - 72 99 
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SUMMARY 
Sixteen morphological and anatomical characters of the short inter-
nodal portion (the short internodes below ground level) of plants of five 
hexaploid oat strains (Avena sativa L.) and a selection of Avena strigosa 
Schreb. (C.I. 7010) grown in 1962 and 1963 at two levels of nitrogen 
were studied. The lodging resistant strains had a consistently and 
significantly wider hypodermal sclerenchyma and greater number of cell 
layers in the hypodermal sclerenchyma than did the lodging susceptible 
strains. The lodging resistant strains were also characterized by a 
greater internode diameter and a larger cross-sectional area of internode 
tissue than were the lodging susceptible strains. 
No significant effect from nitrogen treatment (0 and 160 pounds of 
actual nitrogen) was found for any of the plant characters in the 
combined data from 1962 and 1963. A nitrogen x oat strain interaction 
was present for three characters. The year effect was significant for 
eleven of the sixteen characters, and a year x oat strain interaction 
existed for three characters. 
Significant differences among three depths of planting (2, 4, and 
7.5 centimeters) were found for all eight characters measured on the 
short internodal portion of the oat plant. Oat strain reactions relative 
to one another remained the same at the three depths except for two 
characters, length of short-internodes and length of top-short-internode. 
Phenotypic and genetic correlations among the plant characters 
measured were generally of similar sign; however, the associations of 
some characters were opposite in sign between years or experiments. High 
positive genetic correlations were found between sclerenchyma width. 
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number of layers in sclerenchyma, internode diameter, and cross-sectional 
area of tissue indicating common genetic effects for these characters 
which were associated with root lodging resistance of the oat strains. 
Development of the short intemodal portions of plants was studied 
on three oat strains sampled weekly for eleven sampling dates. Few of 
the seventeen characters' investigated could be measured in the early 
sampling dates. Strain differences in rate of development for some 
characters were observed. Oat strains differed in cell wall lignifica­
tion of the hypodermal sclerenchyma and the adjoining parenchyma as early 
as the fifth sampling date. A significant interaction of oat strains 
and sampling dates was found for only four of the seventeen characters. 
Heritabilities on a plant basis were low for most of the characters 
in all the experiments; however, the anatomical characters were affected 
least by the environment. 
Some internode breakage occurred in artificially root-lodged plots 
of oats, and for naturally lodged oat plants almost 50 percent had broken 
short internodes. Breakage of the top-short internode generally happened 
in the middle one-third of the internode. Over twice as many short 
intemodal portions had breakage when the plots received excessive 
nitrogen than when no additional nitrogen was applied. 
The short internodes of C.I. 7010 differed from the hexaploid strains. 
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